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INTRODUCTION

This report details EEg analytical design and testing of a
Flip-Flop and Nand gate suitable for use in many spacecraft electronic
subsystemsi; The analysis is shown for a 500 K.C. and 50 K.C. Flip-

Flop and a Nand gate. Particular emphasis has been placed on using
reliable parts, assuring operation under all worst case assumptions

and conditions, and in minimizing the power dissipation of the circuits.
The report contains the electrical specifications of the circuits under
the environmental and power supply voltage variations they can tolerate,
and the logical rules to be applied when using them. Piece part char-
acteristics and tolerances are shown and when critical to circuilt
operation are specially specified;;if not covered in the standard piece
part specification. A digital computer (Autonetics = Recomp II) was
used in the D.C. analysis to determine, fan-out, input and output
currents and critical bias voltages in the circuits, 4Ihe complete
computer analyses, along with descriptions, have been includgg, A
transient analysis using charge techniques has been used to determine
circuit delay, rise and fall times. - To prove the validity of the
analytical D.C. and transient approaches taken in the cilrcuit design,
measurements have been made under given operating conditions. The

measuremept data is compared against the computed values, with a general

good agreement existing between data measured and values computed.



DESIGN EVOLUTION

The design evolution of the Flip-Flop and Nand circuits from
the first configuration considered to the final design is discussed
to give the possible circuit user a better understanding of the how
and why of the circuit configurations and the part values used. It
may also help the user avoid pitfalls that could occur by his re=-
moving or changing parts that might not seem critical.

The performance goals for these circuits were that they be
able to operate at a 500K.C. repetition rate with the Nand requiring
about 5 mw and the Flip~-Flop 10 mw of power. Their operation was
to be guaranteed over the temperature range of -10°C to +80°C and
with input power supply voltage variations of up to #15%. The com-
plexity of the circuits was to be kept to a minimum and only high
reliability.parts used throughout the designs to assure maximum relia-
bility. On circuit fan out capability, it was at first specified that
the Flip-Flop and Nand outputs should each be able to drive the inputs
to 10 other Flip-Flops or Nands. It was found possible within the
power limitations to drive 10 Nand inputs. However, when considering
Flip-Flop inputs the A.C. triggering current required added to the
input current so that only 4 Flip-Flops could be driven by a Nand or
Flip-Flop. Rather than increase circuit power dissipation to drive
more Flip-Flops, it was agreed that an ability to drive 4 Flip-Flop

inputs was satisfactory. In addition to the Flip-Flop and Nand input
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loads, the ability to drive stray line capacitanée was a require-
ment. An average capacitance of 50 pf per foot with an average line
length of 6 inches seemed a reasonable assumption. In the transient
analysis the response versus load is shown graphically so that the
response at any given D.C. and capacitive load can easily be
determined.

The Nand configuration (Figure 1) initially considered, was
the same as the final configuration used throughout the design. To
keep the number of different types of parts used to a minimum, the
first Nand circuit considered used diodes of one type throughout. The
initial rough worst case calculation of the OFF bias on the base of
the transistor of the Nand showed that under certain conditions when
the transistor was supposed to be biased OFF, it would actually be-
come biased ON. Rather than add a third diode which would reduce
the efficiency and reliability, it was decided to investigate using
different types of diodes. What was needed was a high conductance
diode (D3) to perform the input gating function and a low conductance
diode for the series diodes D, and Dp. Of the diodes supplied by
Fairchild to JPL, the FD643 was considered for the high conductance
requirement and the FD306 as the low conductance diode. Using data
supplied by Fairchild, a worst case analysis showed that 1f the

diodes were specified at theilr operating points, the OFF condition



of the Nand transistor could be guaranteed under all electrical and
environmental conditions. This being the case, the use of two types
of diodes in the Nand was decided upon. Also early in the design of
the Nand, the use of a 60,000 ohm resistor Ry was considered in
place of the 100,000 ohm resistor initially used. The lower value
60,000 ohms was considered since it would result in a larger forward
voltage drop across the diodes D; and D, because of the larger bias
current. This would result in an even safer worst case voltage
existing on the base of Ql’ when Qp is to be in the OFF condition.
However, in reducing to 60K, it was found that the required fan-out

*
of 10 Nand loads could not be achieved. Rj was then given its ori-

ginal value of 100K and all final analyses in this report are based on

the 100K value for Rp. With Rp having a value of 100K, it has been

found that in the worst case, the Nand can have a fan out of 10. Also,

when the gate inputs are such as to require Q; to be in the OFF con-
dition, Q; is guaranteed OFF under the worst operating conditions.
In the initial design, R; of the Nand had a value of 5.6K ohms. In
the computer D.C. analyses, it was found that larger values than
5.6K ohms could be used for R; and still meet the fan-out of 10 -
requirement. A value of 6.2K ohms was chosen since it resulted in
a lower power dissipation as well as adequate transient response of

the Nand.

*with reasonable transistor current gains

-4 -
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The initial Flip-Flop design considered was as shown in Figure 2.
With the particular arrangement of Ry and Rg and considering when
the side of the Flip-Flop containing Q; is on, there is a forward
bias existing across diode D3 under certain operating conditions.
This is especially true for maximum load on Q. This means that a
very small noise pulse appearing at the input could trigger the Flip-
Flop, To avoid this, Rg and Rg were rearranged*to provide a voltage,
called Vp in the analysis, which results in a back bias appearing
across the input diode D3j. The early triggering analysis showed that
under given conditions, the 47 micro-micro farad input capacitors
were insufficient to guarantee triggering of the Flip-Flop by worst
case input signals, The input capacitors were therefore raised to
75 micro-micro farads each, making triggering certain under all con-
ditions. The enabling resistors Rg and Rg, and Rg and Rjg along with
the input resistors R;; and Ry, were chdnged in value to result in
500KC repetition rate of the Flip-Flop with minimum possible dissipated
power in these resistors, Referring to resistors Rjj and Rig» it was
at first decided to eliminate these resistors since they did not
materially enhance the transient response of the internal Flip-Flop.
This 18 true because the turn-off current that does the Flip-Flop
switching is supplied through diodes D3 or D,. However, in the sube
sequent computer analyses, it was found that the OFF condition of Q;
or of Q, could not be guaranteed under worst case conditions, Looking

at the side of the Flip-Flop containing Q3 and Q, as the OFF side,

*Figure 2-A - Final Flip~-Flop Configuration
-6 -
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the OFF-base voltage on the base of Q, would be determined as follows.
When Q4 is in the OFF condition, Q3 acts as an emitter follower because
of the resistor tied to its emitter. This being the case, voltage at
the emitter of Q3 is determined by the sum of the base to emitter
voltage of Q plus the collector to emitter saturated voltage of Qj
minus the forward diode drop of diode D; and minus the base to emitter
drop of the emitter follower transistor Q3. Under worst case operating
conditions, that is, end of life and high temperature and assuming a
very high current gain for transistor Q3 even though its operating in
the low collector current range i.e., I, = 30 micro-amps, and assuming
the maximum nigh temperature end of life leakage for diode Dy, it is
possible for the leakage current through D, to supply all of the required
base current for transistor Q3. Under these conditions, the leakage
current through D, into the base of the high beta transistor Q3 causes
the base and therefore, the emitter of Q3 to rise in the positive
direction. In the worst case, diode D; can actually become back biased
and the emitter of Q3 (also the base of Q4) sets at a positive voltage
significantly above that required to put Q4 in an undesirable active
region of operation. To circumvent this possibility, and to keep the
circuit efficiency as high as possible, the possibility of adding a
resistor from the base to emitter of Qp and one across the base emitter
junction of Q3 was investigated. A value higher than 100K ohms could

have been used but since 100K ohms resistors are already used in the



circuit, this value was chosen, With 100K ohms, a forward bias is
guaranteed through D} or D2 even considering the maximum end of life
leakage current through diode D3 or D4. The forward drop across diode
D] or D2 is of sufficient magnitude to result in a forward voltage on
the base of Q4 or Q1 of less than + 0,3 volts. The approach is
acceptable because from much past data on the base to emitter voltage
of epitaxial transistors at the edge of conduction along with measured
data taken on 2N914 transistors during this study period, the + 0.3
volts forward bias for non-conduction is conservative. Putting the
100K resistor across the base to emitter junction had another desirable
advantage in that it did not decrease the efficiency of the circuit.
By this is meant that the current through the 100K resistor is all
delivered to the base of the buffer transistors for driving output
load. If they were connected from the base of the in-board flip-flop
transistor to Vp, it would result in the loss of about 40 micro-amps
of drive current to the inputs of the buffer transistor Q1 and Q4.
Multiplying this 40 micro-amps by the minimum beta of the outboard
transistors of 25 results in a loss of load driving current of about

1 milliamp. Also for a given load that can be driven, triggering of
the flip~flop would be more difficult, since for that given load if
R13 and R}4 were returned to -Vp, more internal current would need to:

be flowing through resistors R; and R2. This results in more current

- 10 =



being needed to be pulled out during the triggering of the flip-flop
which makes triggering more difficult. Although none of these reasons
make it absolutely necessary to connect Ry3 and Ry, as indicated,

they do however make it more advantageous to do so. Before leaving
this point, one other consideration that was contemplated was the
possibility of specifying a maximum low current beta for the 2N914
transistor so that the base current into Q3 or Q; would always exceed
the leakage current of diode Dy or D,. This was decided against on
the basis that if so specified, it would decrease the yield on the
2N914's that could be used, thereby increasing their price. There
would also be the possibility of 2N914's somehow getting into modules
that were not tested to this specification. The question of yield
could become a very serious one, as the manufacturer's of planar
epitaxial transistors improve their process to increase the beta hold-
up at low collector currents.

All of the computer D.C. analyses and transient analyses were
performed on the flip-flop with the final configurations shown in
Figure 2A, The only exception to this is the first computer run on
the flip-flop which was performed without resistors R;3 and Ry, in
the circuit. This was used only to determine diode and transistor

operating points for the final computer runs,

« 11 =



A.

Nand

Input

Outpu

Repet

Power

Flip-Flop

Input

*Upper value limited by input diode breakdown voltage

CIRCUIT SPECIFICATION

Power Supplies
Temperature

Zero Level

One level

Current (Iin)

t:

Zero Level

One level

tr, tdrs tods tfs Cs
Current

ition Rate

Zero state
One state

(500KC)

Zero level
One level
Current

Pulse width

+5v +15%, =3v #15% or
-10°C to +80°C

150/0 P.S.

0.1v to 0.3v
2.5v to P> 5.75v¥*

482 ML a to 8964 a

0.1lv to 0.3v

425vto 5.7w
Function of loading
Sink for I'o" ¢ 6.3ma

500 KC
1.38mw to 4.29mw

2.25mw to 5.24mw

0.1lv to 0.3v
4,25v to 5.75v

482 a4 a to 896 «.ra DC

+5v + 5%, =3v +5%

5% P.S.

0.1v to 0.3v
2.5v toP5.75v*

562 4« a to 809« a

0.1v to 0.3v
4.75v to 5.25v
see curves
I"o" £ 8.2ma

500 KC

1.92mw to 3.46mw

2.88mw to 4.33mw

0.1lv to 0.3v
4.75v to 5.25v
5624A.a to 8094« a DC

2 x4 sec. (when conditioning)
1 A sec. (when used as toggle)

- 12 -



15% P.S, 5% P.S.

Repetition Rate 500 KC 500 KC
Noise Immunity 2 0.5v $0.5v
Triggering 4.25v at tr 275 nscc
Output:  (worst casa)
Zero Level 0.1v to 0.3v 0.1v to 0.3v
One level 4.25v to 5.75v 4.75v to 5.25v
L Current Sink for I"o" < 6,8ma I"0" € 8.7 ma.
; \tr» tg, tf, tg see curves see curves
Power 5.3mw to 12,8mw 6.8mw to 10.6mw

Flip-Flop (65KC)

Input:

Zero level 0.1lv to 0.3v 0.1v to 0.3v
One level 4.25v to 5.75v 4.75v to 5.25v
Current 77/,4a to 14%/W1a 90//4; to 129/h a
Pulse width 75‘/Msec. 75/4.48eci
Repetition Rate 65 KC 65 KC
Noise Immunity Y 0.5v 7 0.5v
Triggering 4,25v at tr 275 nscc

. Output: (worst case)
Zero level 0.1v to 0.3v 0.1lv to 0.3v
One level 4.25v to 5.75v 4,75v to 5.25v
Current Sink for 7,0 ma. I"o"  8.9ma
t Egs tpy ty see 500KC curves see 500KC curves
Power 2,7mw to 6.9mw 3.6mw to 5.7mw

- 13 -
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Logical Rules:

Nand Inputs:

a. Up to 9 diode inputs

Nand Drives:
a. 10 Nands
b. &4 F/F (500KC)
c. 20 F/F conditioning inputs

d. 10 F/F (50KC)

e. 40 F/F conditioning inputs
F/F Drives:
a. 10 Nands

b. 4 F/F (500KC)
¢. 20 F/F conditioning inputs
d. 10 F/F (50KC)

e. 40 F/F conditioning inputs

- 15 -

(500KC)

(50KC)

(500KC)

(50KC)



"

‘ PARTS LIST

Resistor: JPL hi-reliability part for IRC - CCM, or better.

+4% tolerance, end of life, temperature and initial
value

Diode: JPL hi-reliability part for Fairchild diodes.

. Additional Specification:

? FD306 - specified voltage drop @ 25°C of 0.525v
+50mv at 30 a; T.C. 2.5mv/°C +0.2mv/°C
from -10°C to +80°C.

FD643 - specified voltage drop @ 25°C of 0.550v ‘
+50mv at 60044 a; T.C, 2.375mv/°C +0.3mv/°C |

from ~10°C to +80°C.
|

|

specified voltage drop of 3 0.15v @
Ip = 4ma, T = B809C.*

Transistor: JPL hi-reliability part for the 2N914.

Additional Specification:

Specified hpg of greater than 25, end of life at
operating current of 6éma and -10°C.

Vpe$ 0.410v @Ic = 20 ma., T = 80°C.*
Vpe { 0.690v @I, = 6 ma., T = 80°C.*
® Vee £ 0.2v.. @I, = 0.4ma., Iy =0.12ma., T = 80°C.*

Capacitor: JPL hi-reliability part for Corning glass capacitors
CY series.

+5% tolerance for temperature, end of life, and
initial value,

* See Appendix D, Table VI for explanation,

- 16 -



B. NAND

The Nand configuration is given in Figure 1, Diodes D; and D,
(FD306) were chosen to be of the low conductance type and diodes Dj,
D4 (FD643) were chosen to be high conductance types. This guarantees
Q1 (2N914) is reversed biased when the input is low. The transistor
Q1 was chosen from the JPL high reliability parts list. Resistors
R; and R, were determined based on Fan-out/Fan-in ratio, bias current
through diodes D; and D, and the transient analysis. The extra input
lead provides a means for attaching additional inputs (total of nine).
The output has a large valued pull up resistor since an.effective pull
up resistor is provided by the Nand and Flip~flop inputs. This
resistor is provided so that the collector is not left floating in
the "OFF" state.

1. D.C. Analysis

The equivalent circuits for the Nand in the "ON' and "OFF"
states are given in Figures 3 and 4. o |

Initially, the Nand equations were expressed with R; = l/g1
as one of the unknowns and Fan-out/Fan-in as a known, In this manner,
an 'R; could be determined that satisified & Fan-~out/Fan-in ratio of
ten (JPL requirement). Based on the equivalent circuits of Figure 3
and Figure 4, the following equation can be wrxitten. (A glossary of

c

terms 1is given{in;Appendix A).

- 17 «
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1. g1 (Vee = Vee = Vp,) = ILin = =Ico - leo
1

R)
2. Vpase = Vee * VD;- VD, = Vpj
3. g1 (Vge - Vp, = VD5 - Vpe) = Ip = Vpe * Vp
R2
4. 81 [% (Vee = Vee - VD1) - brg (Ve = Vpy - Vg Vbe]
‘ 0,97 1.03

- F [che +Vp) = Vpy = Vpy * V) = Ip = Igo - Ie°]
Ry

Ry
5. hFE Ib - I"O" = Vcc - Vce
Ry

The preceeding equations and the parameter list as given in Computer
Run #1 (Appendix C) are first approximations (For explanation of
computer format and description of print out, see Appendix B). The
answers achieved by using these approximations yield a "ball park"

solution for the desired unknowns. The print out of Computer Run 1

yields the partial deriviatives and the solutions for this first cut.

- 19 -



a. Computer Run #1 Conclusions:

1. The equations as written have the following unknowns:
a. g = 1/Ry =~ the drive resistor

b. Vpage - Fhe v?ltage appearing on the ?ase emitter
junction when the transistor is off.

c. Ij, = the amount of current that is pulled out
by the input source.

d. Iy - base drive

e. I"o" =~ output current capability

2. From this computer run, it is seen that for a specified
F of 10, the value of Ry = 1/gj varies from 76K = 1/0.13 x 1074
to 1.98K = 1/0.505 x 10™3: the 76K being the best case and the 1,98K
being the worst case.

3. From the partials, it is seen that g; is quite sensitive
to parameter 16 (R,), -i%%% = -0.415 x 10~?. Therefore, R, was
increased from 60K to 100K. With this change, the value of Ry varied
from 125K = 1/0.797 x 107> to 15.6K = 1/0,642 x 10™*. A substantial
increase in the value of Rj is achieved by going to an Rjp of 100K.
Since the larger value of R; yields a substantial savings in power,

RZ was left at 100K.

- 20 -



4. With R, = 100K, hpgp was decreased to result in a hgg of
20 at low temperature, From the print-out, it is seen that in the
worst case, a negative resistor is required.

5. hpg was then increased to result in a hgg of 29 at -10°cC.
The minimum value of Rj increased from the 15.6K for a hpg of 25 to
15.8K for a hpg of 29. The resultant small increase of Rj does not
seem to warrant an attempt to get a higher hpg.

6. Next, Ro was reduced back to 60K and hpg was kept at 29
at -10°c. Ry in the worst case was approximately 10K. However, it
was felt that changing Ry from 100K to 60K did not warrant a requirement
for a higher hpg. The 100K would supply approximately 30//Ma bias
through the diodes D, and Dj while the 60K would supply SO/M a. This
difference of ZQ/M a would result in & &aVpgge of = 50 mv, It was
felt and verified by later computer runs, that using an FD643 for D
and FD306 for Dy and D3 and the 100K bias resistor could still guarantee
Qp off in the worst case.
B. Section A yielded "ball park" values of the desired unknowns.
Realizing that the value of Rj would also be determined by transient
considerations and having the upper limit of Rj (15.6K) from Section A,
the equations were written with R; a known and F as a unknown. Using
the equivalent circuits in Figures 3 and 4, the following equations

were written.

- 21 -



Nand Equations (On)

1. T = (Vec = VD4 - VD5 - Vpe) + IDL = (Vpe + Vb)
R1 Rj3

2. I"o" =hpg Iy - (Vgc - Vee)

A
3. Power "o" =V, . (Veo = VD, - Vp5 = Vpe) +
R1
Vb-(vbe + Vb) + Vcc . (Vcc = Vce)
R3 R4

Nand Equations (Off)

1. Ln = (Vee = Vee - VDl) + Ico t Ieo + Ipg

Ry

- (Vce + VD]. - VD2 - VD3 + Vb)
R3

2. Vbase = Vce + VDl - VD2 - VD3

3. Power ”l" = VCC . (VCC - Vce - VDl) + Vb .(Vb + Vbase)
Ry R3
In addition, one other equation is necessary. This is the

ratio of loading current to drive current or Fan-out/Fan-in = F,

Nand Equations

1. Fan-out/Fan-in =

I, h
b ''FE
7'\‘gl TV&C - Vee - VDl) - *g3 (Vee + VD - UDy - VD3 + Vp) + Leo + Ieo +IDL

* g1 and g3 were used for ease of putting equation into computer
format and to allow the R} of the driving stage to vary in the
opposite direction than that of the stage being driven.
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b, Computer Run #2 Conclusions:

1, The equations as written, have the following unknowns:

a. Ij, - the amount of current pulled out by the input source.

b. Vyase - the voltage appearing on the base emitter junction
when the transistor is off.

c. Ip - base drive

d. F - Fan-out/Fan-in

e. I"o" - output current capability

£. Power "1'" - power being dissipated when the output is high.

g. Power "O" - power being dissipated when the output is saturated.

NOTE: The currents lin, Ip, and I"0" were solved for in order to
determine the proper operating points of Dy, Dy Dg, Ve

and hFE M

2a. Nominal Solutions

Iin = 398/44 a
Vpagse = -0.33v
I, = 263/A a
F = 39

I"o" = 15.7 ma.
Pw."1" = 3.1 mw
Pw.'o" = 2.49 mw.

b. From the computer run partials the following results are noted:

1.4 P, "1" = 0.93 mw/volt - a one volt change causes a one
.

aVee

milliwatt change in power.

- 23 -



2. o F = 5,05/volt ~ a one volt increase causes an increase

A Vee of 5 in Fan-out/Fan-in.
3. aVbase = 1 volt/volt - Vpage changes an equal amount with
& Vbase = =2 volt/volt
Vo , V
4Dy’ D3
AVbase = 2.43 mV/oC
& T
4, o> F = 0.66/unit - for an in crease in hpp of 1,5,
A hpg F increase by 1 (one additional

load)
Vpage Maximum is negative -0.02. Under worst case condition,
the base emitter junction is still reversed biased. A noise
‘pulse of graestmr than 0.3v would be required to trip the Nand.
Fan-out/Fan-in minimum is 10.8. With Ry = 10K, the Nand can
drive 10.8 D.C. loads.
I"o" minimum is 3.6 ma. This is low when consideration is given
to A.C. loading (one F/F = 1.4 ma.). In order to be able to
drive at least four flip flops, I'o" minimum will have to be
increased to at least 5.6 ma.
Power dissipation - the maximum power dissipation occurs when the
output is high ("1"). From the computer run, the worst case
value is 3.1 mw.
In the second print out of computer run #2, R, was changed to

6.2K in order to increase I'o'" minimum.
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a.

Nominal Solutions

Iin = 659/" a

Vbase = ‘0.33V

Iy, =447/Aa
F = 40.6

I, = 26 ma.

Pw’”l” = 3.4 mw

Pw '"o" = 2.5 mw.

Vhase minimum remained -0.02. This is due to the diodes being
expressed as voltage sources.

Fan-out/Fan-in minimum increased to 11.6.

I "o" minimum increased to 6.5 ma. worst case. This drive
capability is sufficient for four flip flop loads.

Power dissipation - the maximum power dissipation is 5.02 mw

worst case.

A third and final computer run was necessary in order to substitute

in the correct operating points for Di, D9, D3, D4y, D5, Vi using

the bias currents obtained from Computer Run #2, The same equations

were used as in Computer Run #2, the difference is in the parameter

list, plus some minor terms that had been left out of the previous

computer run.

C.

Computer Run #3 Conclusions:

1. The equation unknowns are the same as for Computer run #2.
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2a. Nominal Solutions

Lin
Vhase
Ip

F
I"o"
Pw "1"
Pw 'O"

Vbase

663 M a.
-0.32 v
465 M a
38

25 ma.
3.5 mw

2.6 mw

maximum is positive 0.0l volts.

Therefore, under worst

case conditions, Q] is still guaranteed off.

Fan-out/Fan-in minimum is 11.0.

F = 10 is met.

I'0" minimum is 6.3 ma.

four flip flops.

The requirement of at least

This remains sufficient to trigger

Power Dissipation - the maximum power dissipation is 5.2 ww

worst case.

In the second print out of Computer Run #3, the power supplies

were changed from + 15% to % 5%.

Nominal Solutions
Iin = 663 Ma
Vbase = =0.32 v
Iy, - 465/u a
F = 38
I'"o" = 25 ma.
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Pw "1" = 3.5 mw
Pw "o" = 2.6 mw
b. Vpage Maximum remains the same +0.01. This is due to the repre-
sentation of diode drops as voltage sources and not as a function
of current. No attempt was made to factor this in for this run
since this would lead to an improvement and Q; is already
guaranteed off.
c. Fan-out/Fan-in minimum increased to 12.5 worst case.
d. I"1" minimum increased to 8.25 ma.
e. Power Dissipation - The maximum power dissipation decreased to
4.3 mw worst case.

D.C. Analysis Conclusion:

The final computer run (Computer Run #3) contains the final
circuit values and worst case circuit solutions. Solutions were
given for both + 15% and + 5% power supplies. As can be seen from
the results, a large improvement is gained by decreasing the power
supply tolerances.

The computer analysis was based on two different type diodes
(FD643 and FD306) having the forward voltage drop tightly specified
at a particular current level. (See Parts-List'p, 14).

2. TRANSIENT ANALYSIS NAND

a. Storage Time: the time required to pull out the stored charge

is given by:

. 27 -



tg = '(b In Ib1 + IB2 Equation 6 - Appendix E
Iy + Ipg

1. Nominal

Using Computer Run #3 to obtain nowminal values -

hgg =55 (from specification sheet)

IBZ = 35 /Aa
Ipg =4 x 663 Y a = 48.2//4a assuming four loads
55 '

Thb =%s £ 13 nsec. (from spec. sheet)

ts & 13 x 1077 1n 500 = 23.2 nsec.
83.2
2. Worst Case (+ 15% Power Supplies)

tg = Ts In Ibl + Ip)
0.69 IbS + IBZ

Worst case occurs at maximum V winimum Vi, and high temperature.

ce’
Ts < 20 nsec. from spec. sheet

T;I——= 692/4 a from best case in Computer Run #3
I, = 29/M a

I3 - I, min. (at above condition) = XSE - Vp - Ve
hpg Ry, hpg

since Ibs occurs for the case of one D.C. load.

hFE max. = 120 + 120 x 55 x .009 = 120 + 59.5 = 179.5
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I, =5.75 - 0.593 - 55 x 2.25 x 10-3 - 0.2 = b4 pa
6.45 x 103 x 179.5

ts £ 20 x 1079 1n 699 + 29 = 29 x 10”7 1n 20.8
0.69 4.4 + 29

tg <: 88 nsec.

3. Worst Case (+5% Power Supplies)

“Ts < 20 nsec.

Ty = 612 pa
30//43
3.98 Ma

tg £ 29 x 1079 1n 18.9

In2

Ips

tg <: 85 nsec.

b. Fall Time (voltage rise time)*- The fall times of interesﬁ are:

1. The time the voltage rises driving the flip-flop only.

2. The time the voltage rises until it reaches Vy, + Vpg +
VD5 - VD1 =V, when driving Nands and flip-flops.

3. The worst case condition of driving the Nands and one F/F
input. This is a repetition rate consideration and any F/F
input loads greater than one, will decrease the tg and thus
increase possible repetition rate.

The fall time is calculated assuming no help is derived from the

diode capacitances. This is a realistic assumption since the FD306
is a fairly low capacitance diode and the diodes ''see' a very small

AV across them.

*Traditionally transistor fall time is transistor turn off time which
in this case (NPN transistor) is circuit voltage rise time.



The fall time equation is given by:

tg = Era+hfe RL, Qc] 1o IB2 + Ibs

Vee Ip

since hfe RL = 1

Vee Ips
tf = ["ta + Qc ] 1n IB2 ';:' Ibs
Ibs B2
In order to check the validity of the equation for the Nand, the
' nominal solution was calculated and verified in the laboratory.

1. Nominal

7?3 = 1 = 1 = 0.32 nsec.

2 T fr 2 7T 500 MC

hgo = 55

Ipy _

B2 = 35/Aaa

Iy = 4. x 663 Ma = 48.2/4 a. assuming four loads

557 /
Q =1.2Cp Vg =1.2 x 4.5 x 10712 x 5 = 27 x 10712
if a pull up resistor is used

tg = 0.32 nsec. + 27 x 10-12 In 35 + 48.2
48,2 x 1076 48.2

= 0.56 x 10-6 1n 1.725

P = 0.3/4 sec. (0.3/44 sec. x 0.9 for observed value at 90%
point)
Measured value in laboratory = 260 nsec. letting collector

swing to 90% V.. .
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2. Worst Case (+ 15% Power Supplies)

Worst case occurs at maximum Vp (-2.55v), minimum Ve (4.25v)
low temperature (-10°C), and minimum hyg. Using the worst case
solutions when I "o" is mwinimum (Computer Run #3), the following
solutions are obtained:

Iin = 524.8//4& (This is the same for either a Nand or a F/F

input, since the input circuitry is identical).

F =11.0

I. = 6.3 ma.

o

In order to solve for Io when Vg is maximum, the partial A I,
O Vp

is used.

al, =-0.55x 10-3 from computer run
avy

AVy =2.55 - 3.45 = -0.9v
AT =0.55x 103 x 0.9 = 0.495 x 10-3
I_ (at Vp = 2.55) = 6.3 ma + 0.495 wa. = 6.8 ma.

A Iy, = -0.1x 1074
AV

52 (at vy = 2.55) = (524.8 + 9)/u a= 534/4 a.

Q =1.2x6x 10-12 x 4.25 = 30.6 x 10712

hfge = 25

- 31 -



2. +
55v Vbe

Ipg = R, — =31/Aa.

number of loads x Ij, = (# + *) x 534 Ma =
hpg 25 7

—
o
n

Il

(#F + *) x 21.4/4a

# = number of Nand loads
* = number of F/F inputs.

a. F/F D.C, Loading

Using Equation 9, Appendix E for turn off time and considering

D.C. loading only.

. -12
t = 0.9 ‘ 0.53 nsec. + 30.6 X 10 1n
f(F/F
(F/F) * x 21.4 x 10-16

31 + * x 21.4
31

Note: Multiplying times 0.9 yields actual measured 90% value.
A plot of worst case turn-off time (tg) versus the number of
F/F inputs isgiven in Figure 5.

b. D. C. (F/F) and Capacitive Loading

In order to factor in the capacitive loading, the worst case
turn-off time is taken as the sum of two times: the D.C. tg and
2.3 x R, C;. The 2.3 term yields the time at which Ry Cg is at 90% of
finalvalue.

tE(F/F) = 0.9 r0,53 x 1079 4+ 1.43 x 10-6 } 1n 31 + * x 21.4 +

L * 31

14.7 x 103 x Cq Equation 12
*

Note: The 14.7 x 103 is arrived at by 2.3 x 1.04 x 6.2 x 103 =
14.7 x 103
- 32 =
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Example: For the case of eight (8) loads and 100 pf, the worst

case turn-off time is givén by:

-12
t =0.9 \ 0.53 + 30.6 x 10 In 31 + 8 x 21.4 +
£(F/F) ‘; 8 x 21.4 x 10-9 31

1.83 x 103 x 100 x 10°12

= 0.62/,4 sec.

A plot of tf versus D,C. (F/F) and capacitive loading isgiven in

Figure 6.

c. Nand D.C., Loading

Figure 5 is not valid for Nand D.C. loading. In the case of
Nand D.C. loading, the loading changes once it reaches V.  + Vpg +
VD5 - Vp1 = Ve . If the fall time is assumed to be exponential
(realistic since it is essentially an RC charging) then tpy can
be solved for as follows:

VC = VCC (1 -e - teN X 2.3/tf)

V, = 0.78 + 35 x 1.7 x 10°3 + 2 (0.66 + 35 x 2.5 x 1073) -
0,485 - 35 x 2.25 x 1073)
= 0.78 + 0,0595 + 1.32 + 0.175 - 0,485 - 0.079
= 1.57v
1.57 = 4.25 (1 - e - LN 2.3/tf)

where Eﬁg is the time constant of the driving waveform. The 2.3
2'

is due to tg being defined as 90% of final value.

log 0.6 = ~2:3 teN
te

tey = 0.217 tg letting * of Equation 12 equal #+ *
Figure 7 is a plot of t¢N yersus loads.
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d. D.C. (Nand) and Capacitive Loading
th is calculated in the same manner as part c.
ten = 0.217 t¢

Figure 8 is a plot of tgy versus D,C. and capacitive loading.

e. Nand and F/F Loading

The condition of driving a combination of Nands and F/F's is
the combination of two times: tgy and the time required to rise from

Velamp tO 90% Voc. This time tg 1s given by:

tg = 0.217 X:0.53 x 1079 + L.43 x 10'6t] 1n 31 + 21.4 (# + %) 4

#+ * 31
0.773 [0.53 x 1079 + 1.43 x 10'6]1n 31 +21.6 x*
* 3
3
0.217 x 14.7 x 10 x Cg + 0.773 x 14,7 x 103 x Cg
#+ * *

or
tg = tgy + 0.78 tg
Example: For the worst case of no Nands, one F/F input and 30 pf
stray capacitance:
tg = 1.09/wtsec. from Figure 6. This is sufficient to guarantee
500 KC operation,

3. Worst Case (+5% power supplies)

Using the +5% power supply print out of Computer Run #3, the

following solutions are obtained:
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Iin = 605/4 a
F = 12.5

8.25 ma.

-
I

al, = .0.55 x 107
c>Vb

Avb = '0.3 v

0.165 ma

& To
I, = 8.415 ma.

Alj, =-0.1x 107%
A

AIin‘ 3/4 a
Lin 608//1 a.
Q = 1.2 x 6 x 10712 x 4.75 = 34,2 x 10712

Ips = (# + *) Lin = (* + #) x 24.3/@4 a,
hpg

a. F/F D. C. Loading

- 34.2 x 1012 34 + * x 24.3
ter/F) = 0-9 [0,53 nsec. + % 243 % IO'H’JIn 17

A plot of worst case turn-off time (tg) versus the number of F/F
inputs is given in Figure 5. (Note: the +5% and +15% Power Supply
curves are approximately the same, therefore, only one curve is shown--
this was also verified in the laboratory).

b. D. C. (F/F) and Capacitive Loading

The capacitive loading was factored in the same way as for the
+15% Power Supply case. A plot of tg versus D.C. and capacitive

loading is given in Figure 6.
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c. Nand D.C, Loading

This case of the Nand D.C. loading for the +5% power supply is
similar to part c of the +15% P.S. case. The resulting curve is
approximately the same curve as Figure 7.

d. D.C., (Nand) and Capacitive Loading

Since tgy is approximately the same for the +5% power supply
case, the condition of capacitive loading is also the same as given
in Figure 8.

c. Delay Time
During the delay, the depletion regions are charged by the

driving source. The expression for the delay time is given by:

2 tri I . .
tar = [1 Ti(Qe 4 ch>] if tg Z t, Equation (1) Appendix E

b

tdr = Q% + Qd + tri if L Equation (2) Appendix E
1 2
b

Refer to Appendix E for derivation.

1. Nominal

I, = 465/M a.

= - -12 - -12
Q. = 1.67 Cyy Vbeoff = 1.67 x 6 x 10 x 0.32 = 3.2 x 10
Qa =1.2CopaVy =1.2x4.5x10"12%0.32 = 1,73 x 10712
tyy = tgy of driving source =100 nsec. for four loads and

50 pf stray capacitance on Nand output
-9 -12 12y | ¥
tg =1200 x 10 (3.2 x 1071¢ + 1,73 x 10°14)
r 756 x 10°5 .

46 nsec.

n
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Observed value in laboratory = 45 nsec.

2. Worst Case (+157% Power Supplies)

Worst case occurs at minimum V Vb’ and low temperature.

cc’

EE = 262/kVa

. =1.67x9x 10712 x 0.65 = 9.8 x 1072
Q =1.2x6x1012x0.65 =4.7x 10712

tey = 0.225//Asec. for worst case of 1 load and 30 pf

on Nand output
t = 158 nsec.
dr nsec

3. Worst Case (+5% Power Supplies)
Ib = 34%/p4a.
Q = 9.8 x 10712

Q =4.7 x 10712

th 0.225
tqg,. = 138 nsec.
d. Rise Time (Voltage Fall Time)*

The time required to saturate Ql is given by:

ty = (ffa + Q j}ln Ipy Equation (5) Appendix E
Iis Il - Ips

1. Nominal

Ta = 0.3 nsec.

* Traditionally transistor rise time is transistor turn on time
which in this case (NPN transistor) 1s circuit voltage fall time.
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Q@ =1l.2x645x1012x5 = 27x 10-12

Ips = lin x (# + %) =663 x 1070 x 4 = 48.4,. assuming
hro 55
four loads
£, = [0.3 % 10°2 + 0.557 x 10'6_J In 1.12

= 61 nsec.
55 nsec. observed in laboratory
Worst Case (+157 Power Supplies)
Since the rise time is of interest in connection with the
F/F triggering, the worst case conditions are low power supplies
and low temperatufe.

D.C, Loading Only

T a = 0.53 nsec.
Q =1.2x6x 10712 x 4.25 = 30.6 x 10712
I, =Iinx (B + %) =525x 1070 (# + %) =21 x 1070 x (# + %)
heo 25
t, = {P.s3 x 1079 + 1.455 x 10'6:]ln 261
F + %) 261 - 21 x (% +%)

Figure 9 is a worst case plot of t, (turn on time) versus number
of loads for D.C. loading only.

Capacitive Loading

In order to include the effect of capacitive loading, an

additional charge must be supplied to the base. The total charge

- 42 -
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supplied to the base then will be the sum of Q. plus Q. Qg

is the stray capacitance charge reflected to the base. The

rise time

tr

Q

For the wo

& =[§.53

equation can be written as:

E’a + QC + Qslln Ib].
I I

S Ibl ~ “‘bs

= Cq (Vcc - Vce)

he

e

rst case condition being considered:

x 1079 + 1.455 x 10°% + 7.9 x 103 Ci] 1n

T
261
261 - 21 x (# +%)
Example: Consider the worst case conditions of
100 pf stray capacitance.
t. = 562 nsec. ln 1.475
= 218 nsec.

Figure 10 is a plot of t,. versus D.C. and capacitive loading.

Worst Case

(£5% Power Supplies)

a. D,C, Loading Only

I
T

342

] =362 M a.
a = 0.53 nsec.
- 34.2 x 10712
¢ = 24.2 x 1070 x (#+ %)
= Eo.53 x 109 + 1.415 x 107% J1n
#+ *

- 44 -
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Figure 11 is a worst case plot of t,. versus number of loads

D.C. loading.

b. Capacitive Loading

t, =‘:o,53 x 1079 + 1.415 x 1076 + 7.85 x 103 x csj] 1n
¥+ *

342
342 - 24.2 x (F +%)

Figure 12 is a plot of t. versus D.C. and capacitive loading.

Turn Off Delay

The turn off delay (t_4) is the time required to forward
bias Dy and thus, start pulling out base drive. The total

turn off delay is the sum of tod plus t_. Assuming t.

of the driving stage to be an exponential, the turn off delay

is given by

tog ==ty 1n ZQ
2.3 v,

c
V. = voltage at which time base

Q

current is pulled out.

Vq = Vbe + VD4 + VD5 - Vp1

2.3 - this term comes from the assumption

that t, is measured at the 90% point.

Nominal

VQ = 0.68 + 0.605 + 0,605 - 0.530 = 1.36v

- 46 =




00y

09¢"

0c¢

08¢

044

»IsU

002

091

02l

08

oy

i

Savo™

*> *a




ooy

09¢

02€¢

ovZ

s9su
00¢

091

0¢l

08

oy

Gk b A AL AL b Al Aol

IPI

3408

3d 001

34068l

34002

3d0S2

3d00€




t,. = 55 nsec. for four D.C. loads as calculated previously

-23.9 x 10”2 1n 0.272

tod

= 31.1 nsec.

2. Worst Case (+15% Power Supplies)

Worst case occurs at low power supplies and low temperature.

0.63 + 1.3 x 1073 x 35+ 2 x 0.55 + 2 x 35 x 2.0 x 10~3 - 0.593

i "
| -35 x 2.6 x 1073

1.23v

| tod = -ty 1n 0.29 = 0.54 t,

2.3

0.785 x 107% + 4.27 x 103 ¢, 1n 261
#+ *

— 261 - 2L x (F + *)
Figure 13 is a plot of worst case t , versus D.C. and capacitive

tod

loading.
Note: tg can be assumed negligible for total turn-off delay time
since worst case occurs #t minimum power supply voltages and
low temperature.

3. Worst Case (+5% Power Supplies)

Vg = 1.23v
tog = -ty  ln 0.259 = 0.587 t,
2.3
toq = 083 x 107 + 4.6 x 107 x C; In 342

342 - 24.2 x (# + *)

F+ *

Figure 14 is a plot of worst case D.C. and capacitive loading.
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C. FLIP FLOP

General

The flip flop configuration is shown in Figure 15, Transistors

. Q2 and Q3 perform the flip flop memory function while transistors Qi

and Q4 buffer the internal flip flop from the output load. Cross
coupling diodes D; and Dy provide more efficient cross coupling than
resistors. Diodes D; and Dy could be eliminated except for the fact
that the OFF condition of Q or Q, could not be guaranteed under all
operating conditions, For example, when Q, is OFF the bias on the

base of Q4, V] is determined by the difference
v, = (Vbe1 + Vcez) - (VD1 + Vbe3) (Equation 10)

Vbel and V,,, are for the ON condition of Q1 and Q, and VD1 and Vbe3

2
are for the simultaneous OFF condition at Q4. At this time Q3 operates
as an emitter follower with Rg performing the emitter current sink
function. R;, guarantees a forward current through diode D; even for
the worst case leakage current through D, at the highest operating
temperature (+80°C), and a very high beta transistor for Qi, i.e.,
Ib3c= Opma. This forward current through D; guarantees a value for
VDI which when entered in Equation 10 yields a value for V; less than
+0.3 volts. If Dy did cut off, the base of Q3 could go more positive

depending upon the leakage of D, and the beta of Q3. The emitter of
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Q3 would then follow and forward bias Q, to the point of conducting
significant collector current

A maximum of +0.3 volts on the base of Q in the OFF condition
was chosen on the basis of past experience with transistor Vi, voltages
and the measurements on the 2N914 transistor at very low collector
currents shown in Table I. This table shows that at +80°C. Vpe must
be around +0.34 volts to support even l/M amps of collector current.

Triggering of the flip flop is accomplished by the negative
edge of signals applied to the cathodes of Dy and Dg and D. C. regetting
through diode Dg. Resistors Rg, Rjg and Rg, Rg provide voltage dividers
so that if an enable signal exists at the cathode of D5 or Dg, a
threshold voltage exists at the cathode of D3 of D,. This threshold
voltage provides a back bias across D3 or D, which must be exceeded
along with the diode forward drop before the input signal can trigger
the base of Q or Q3. This provides noise immunity to spurious noise
pulses existing on the input lines. Except when the D. C. reset signal
is present, Dg is back biased resulting in less than 1.5 pf for coupling
noise from the reset line to the input of Q3.

Resistors Ry; and Ry, pull up the anodes of Dy or Dg when the

transistor supplying the input signal turns off.
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1, F/F D. C, ANALYSIS

In the D. C. analysis it is assumed that the flip flop half
containing Qi and Q is :ON and the half containing Q3 and Q, is OFF.
Figure 16 is the equivalent circuit for the flip flop with this
assumption. The circuit elements along with the unknowns are shown
on this diagram.

Ri3 and Ry, were added later to the design when it was found
that V] could be unpredictable, when considering the worst case of
end of life, high temperature leakage of diode D,, and high temperature
high beta for transistor Q3, i.e., IDL4 could exceed Ib3 and therefore
D; would not be biased on. The first computer runm, whose main purpose
was to obtain the bias currents of the transistors and diodes, was
without these resistors. However, this has little or no effect on
most of the unknowns. Its primary effect is that in the high temperature

worst case it makes I5 positive.

a. Computer Run #4 - 500 K. C, Flip Flop

The equations for the first flip flop computer solution are as

follows:
I; = Vg - Vbey - Veep (1)
Ry
Vee =VDy - Vbey = Vbeg (2)
12 -

Ry
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Vee - Vcel (3)
I, =
R3
I Vee - VD5 - Vcel + I'DL3 Rs %)
* Rs + Rg
Iby = I3 = IpLy - hrE; Ip, (6)
Vb + Vbel (7)
V2 = Vbey * Vpe, (8)
Vp = -Ippg Rs + VD5 + Voo, + Rs I, (9)
Vi = Vbe]_ + Vcez - VDl - Vbe3 (10)
I, = hFEl Ibl - 13 - 14 + IDL3 (11)

P = VCC (Il+ IZ + I3+ 14+ IC04+ IDLA) +

Vee (Voo = vceL- VD7) + Vb (V1 +V) + % (vbel +V) (12)

Ri1 Rg R7
Vi, + V +V - VD
Ib3 -1 b be]" =22 1l - Vbe3 - Icoa' Ie04
(13



The unknown currents in the solution were needed for determining
the deliverable output current at the output of the flip flop, the total
dissipated power, and the flip flop transient response. The voltages
solved for were used for determining the bias, V| on Q,, the triggering
threshold voltages, Vr, and Vj.

The part assumptions and first cemputer run are shown in
Appendix C - Computer Run #4. The part parameters are given a Nominal
value, Minimum value and Maximum value at 259C .which is largely a
function of part manufacturing tolerance and end of life degradation.

Also where there is a strong part temperature dependence as for transistor
Vpe, betas and diode forward voltages, a term 1s added to the parameter
to take this into account. For instance, Vp,, the forward voltage
across diode Dj is expressed in the computer equations as:
VD

1=VD1N-T.C.1(T-35)

VDlN is the forward diode drop for that particular diode at its bias
current at 25°C. It is inserted into the computer with a maximum,

minimum and nominal value. T. C., is the temperature coefficient of

1
diode Dy at its bias curremt. It is also given a minimum, maximum and
nominal value, T is temperature plus ten degrees centigrade. From

. o -
the formula it can be seen that at 25°C, VD1 = Vpyy-

This first computer run was for a +15% power supply, and +3%

resistors. The assumptions for the betas of the output transistors
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Q; and Q, were the same as for the Napd< since the transistor operating
points are about the same for both circuits.

Nominal Solutions

Io = 28.6 ma.
P=8.7 mw.
Vi =+0.05 volts

= 1,96 volts

<
|
!

= 1.48 volts

<
N
I

I..7- I,
cp— 1

= 0,34 ma,
Ib2 = 0,22 ma.
Ibl = 0.53 ma.
Ib3= 1.8 pa.

The first computer run besides giving the operating currents
for the transistors and diodes, showed that:in the worst case I5 could
be negative as mentioned previously. It also showed that the nominal
flip flop dissipated power would be about 8.7 mw with a maximum of

12,9 mw and a minimum of 5.5 mw. The wide range in power being mostly

a function of the wide power supply tolerances assumed, i.e., +15%.

b. Final Computer Analyses - Flip Flop
The equations from the first computer analysis were modified
to include Rj3 and Ry, and in a few cases modified to make the terms

in the equations shorter. Some difficulty encountered with the computer
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term in one or two of the equations. All computer analysis except

was traced to overloading the computer memory with too many items per

for the first, use +47% resistor tolerances. The 4% includes initial

temperature and end of life tolerance.

’ The final equations are as follows:
Vcc - Vbel 'Vcez

@ e Ry

I = Vec = VDy - Vbep = Vby
2 - 1.
Ry *
\Y -V
_ Vee cey
I3 =
Rj
) Vee = Vpg = Vee; * TnLg Rs
4=
R5 + R9
Vb83
]:5 = Ib3 - IDL4 +
14
vbez
Ibz = IZ + IDL3 - hFE3 Ib3 - R13
Vbe, _ b * Vbey
‘ Vp = Vbel + vbez
vy = Vbel + vce2 - VDl - Vbe3

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

*Actually R,.
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I =hwp I - I, -~
o = “FE, 'b; I -1, + IDL3 (11)

P=V, (I} +I, + I3+ I, + I, +IDL4)+

4

Vee (Vee - Vcel - VD7) + b (V1 + W )+ b (Vbel + Vp)

Ri1 Rg Rg (7)*

'——- (12)
L = 1 Vp ot Vbe]_ +'Vce2 - VD]_ - Vbe3 -
b £ £

e tratr—

1 - I (13)

Teoy = Teoy = Triy

i. Computer Run #5 - 500 K. C. #15% Power Supplies - Conclusions
Appendix C - Computer Run #5 contains the determination of diode

and transistor parameters. The bias currents in general were taken

from the first computer analysis and the actual values for the para-

meters at these bias points either from measured data Tables I through

IV, Appendix D, the plotted transistor saturation characteristics,

Appendix D, Fairchild specifications and application curves, or special

specifications that will be placed on the device, such as the beta of

the 2N914 transistor. All resistors were given a +4% tolerance including

initial, temperature, and end of life drift tolerance. Appendix C -

Computer Run #5 is the computer analysis using these part parameters

*Actually Rj.
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and +15% power supplies.
1. Nominal Solutions

Io = 29.3 ma.

P = 8.5 mw,
V, = 0.07 volts
Vp = 1,92 volts
Vp = 1.42 volts
2. Minimum I, is 6.8 ma.
3. I;, of the Nand under the same condition is <600,wm Therefore

the F/F can drive ten Nand loads.

4. Maximum power is computed as 12.8 mw, an increase of about 50%
over the nominal power. This is understandable since maximum power
is at maximum power supply voltages. A 15% increase in power supply
voltage will result in over a 30% increase in power dissipation.

5. Vi, maximum, the OFF bias on the base of Q, computed as a maximum
of 0.294 volts. The data Table I - Appendix D shows this to be adequate
to guarantee that Q; will be in the OFF condition.

6. Vr - Vo plus the forward voltage drop across D3 must be exceeded
to pull most of the Ibz current (since Q; is so heavily saturated)
through D3. This gives the flip flop noise immunity voltage to noise
pulses on the input lines. The maximum computed Vqp would occur under
the same conditions as that for the maximum Vo, i.e., minimum temperature,

max imum Ibl, Ibz’ Vcel, Ve, and I,. Conversely the minimums would
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occur at maximum temperature, minimum Ibl, Ibz’ Vees Vo and I,.
Therefore, noise immunity voltage, Vyy, using the maximum values for
Vr and V, is:

I = Vrpax = V2max * Vpg

= 2.3 volts - 1.7 volts + 0,6* = 1.2 volts

Noise immunity voltage using the minimum Vp and Vy voltages is

' Vy = 1.5 volts = 1.2 volts + 0.3 volts**= 0.6 volts

Since V, is a function of two diode drops versus only one diode
drop for Vp, and Vq.1is mostly a function of V., and the divider Rs and
Rg, the above two values for Vyp are not the worst case. Worst case
would occur at minimum, temperature, Vee, lg, Rg and maximum Rg. Under
these conditions Vp would be calculated as follows: Minimum I, from
computer run is 0.2 ma. Then at 0.2 ma,

Vps = 0.46 volts + 2.5 mv/oC x 35° = 0.6 volts

\’ = 0.1 volts @ I, of one load (normal offset voltage
of 2N914 1is about 80 mv)

4.7 Kx 0,96 = 4.5 K

|
| &
i

Vp = VD5+Vce1+£&§2

0.6 volts + 0.1 volts + 0.2 ma x 4.5 K

+1,6 volts

w T
N

’ *Ipg = Tﬁ; = 0.37 ma. From Fairchild curves VD3 = 0.5 volts + 2.3 mv/OC
x 35.
**ID3c: Ib2 = 0.12 ma and @ +80°C. From Fairchild curves, Vpy = 0.44 v -
2.8 mv/°C x 55,
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Under the same conditions V, is as follows. The minimum value
of Vp is the value required here except for the fact that it occurs at
maximum temperature. Multiplying the maximum temperature coefficient
for Vpey and Vpe, times the difference in temperature from +80°C to
-10°C and adding this to the minimum V, from the computer runs results
in the sought for value of V,. Then V, = 1.2 volts + 2 x 2.5 mv/OC
x 90° = 1.6 volts. The minimum Ibz from the computer run is 0.12 ma.
At low temperature then Vp, is 0.44 v + 2.55 mv/°C x 35°C = 0.53 volts

at a current of 0.12 ma. The worst case VNI is then

VN = 1.6 volts - 1.6 volts + 0.5 volts

0.5 volts

To trigger the flip flop it will actually take a larger noise
voltage at the input when it is considered that a noise pulse will not
have a 0.0 x sec rise time and will therefore be attenuated through

the capacitor Cp.¥

ii. Computer Run #6 - 500 K, C. #5% Power Supplies - Conclusions
Appendix C - Computer Run # contains the 500 K. C. flip flop

analysis with a +5% tolerance on the +5 volt and -3 volt power supplies.

. The nominal solution will be the same as the previously discussed computer

analysis since none of the nominal parameters were changed.

*Table V contains laboratory measurements of Vy and Vr over the temperature
range (-100C to +80°C), the power supply voltage range (+15%) and minimum
and maximum output load conditions. The measurements show at least a
0.2 volt back bias across the diodes (D3 or D) under all conditions.

This results in a Vyp of about 0.7 volts (measured worst case) at the
flip flop side of the input capacitors.
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2. Minimum I, is 8.7 ma.

3. Maximum power in this case is 10.6 mw. This is 2 mw above the
nominal power dissipation (8.5 mw).

4, V1 the OFF bias on the base of Q, computes as in the previous
computer analysis since the diode operating points were not changed
from the previous run., Actually the limits on V; for a +5% power supply
will be narrower than for the +15% analysis is since the current range
through the bases of transistors Q1 and Q, will be narrower. This will
result in an even safer worst case Vi, i.e., V; will be somewhat less
positive than the previously computed +0.294 volts.

5. UNI = Vrpax = V2max * VD3 (using maximum values)

= 2.1 volts - 1.7 volts + 0.6 volts

0.7 volts

VNI = Vmin = V2min + VD3

1.6 volts - 1.2 volts + 0.3 volts
= 0.7 volts
The worst Vyy for a +5% power supply will be close to the 0.7
volts value computed above, therefore the calculation will not be per-
formed as it was in 1 . Even in i:;for a +15% power supply the Vyy
computed for minimum Vp and V, was within 0.1 volt of the worst case

minimum.
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65 K. C, Flip Flop

To save power in applications not requiring a 500 K. C. repetition
rate in a flip flop, the conditioning resistors Rs, Rg, Ry1 and Rg» Ryp»
Ry were increased in value. The ratio of R5 to Ry and Rg to Rig were
kept the same as before so that the triggering analysis performed for
the 500 K. C. flip flop would change very little. Actually since the
equivalent resistance on the flip flop input side of C; and Cp has
increased substantially triggering is even more certain.

Rg and RlO were set equal to 100 K (since 100 K resistors are
already used in the Flip Flop and Nand). Then for the same ratio as
before between Rg and Rg, Rg = %%% x 47 K = 39.2 K = Rg, Ry and Ryy
were set at 39 K, since 39 K resistors are used elsewhere and the saving
in power in going from 39 K to 62 K is only about 0.2 mw.

iii. Computer Run #7 - 65 K. C. Flip Flop 115% Power Supplies -
Conclusions

The equations and part parameters except for changes in the values

of the conditioning resistors were the same as used for the 500 K., C.

computer analyses.

1. Nominal Solutions

Io = 29.5 ma

P =4.5 mw (Compared to 8.5 mw for 500 K. C.
flip flop)

v, = 0.07 volts (Same as previous analyses

nothing changed to alter Vj)
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Vr = 1.9 volts (Same as previous ratio of Rg
to Rg was not changed)

v, = 1.4 volts (Same as previous ratio of Rg
to Rg was not changed)

2. Minimum I, is 7.0 ma. As expected this is only slightly above
500 K. C. value of 6.8 ma (increasing conditioning resistors requires
less current from buffers Qp and Q).

3. Maximum power is 6.9 mw compared to 12.8 mw for 500 K. C. flip

flop. Minimum power at minimum power supply voltages is 2.8 mw.

as before since no internal changes

4, Vy, computed at 0.25% volt
were made to the flip flop.
5. The values for the noise immunity voltages, Vyy will be the same

as for the 500 K. C. computation with +15% power supply.

iv. Computer Run #8 - 65 K, C. Flip Flop #5% Power Supplies

The equations and part parameters except for the values of the
conditioning resistors were the same as used.for the 500 K. C. computer
analyses.
Nominal Solutions

The nominal solutions will be the same as the nominal solutions
for the 65 K. C. computer analysis +15% power shown in iv.

Minimum I, is 8.9 ma.

Maximum power dissipation is 5.7 mw.
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2. FLIP FLOP TRANSIENT ANALYSIS

4 .25y 4.25v 4.25 v

OF NN 0 ¢4
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C
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FIGURE 18 = k—ozuec

General
The transient analysis of the flip flop is divided into two

. parts, a determination of the loop time* of the flip flop containing

*Loop Time - is defined as the time interval between the start of a
triggering signal (turn off) at the base of the flip flop ON transistor
to a point in time where the input signal could end and the opposite
transistor of the internal flip flop would be guaranteed to go from the
active to the saturated state.

Loop time is of importance because it gives the minimum amount of time
the input signal must pull down the input of the transistor being turned
off if the flip flop is to change state.
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transistors Q and Q3; and the delay, rise, storage and fall times of

the output buffer stages Q1 and Q4.
a. Inner F/F

i. Calculation of IBZ

The maximum flip flop loop time analysis starts by assuming
transistors Q1 and Q) are saturated (ON), Q3 is acting as an emitter
follower and Q; is in the OFF state. The power supplies are assumed to
be at their low values, i.e., 5 volt supply, 2t 4.25 volts and the
ambient temperature at ~10°C. The reasons for these choices are that
transistor currents are smallest at low power supply voltages, therefore,
in general, circuit speeds decrease and at the low temperature, beta
is lowest and Vi, drops are nigueac, Lol tzndinn~ +n decrease circuit
transient response. As the input swings from +4.25 v to +1.0 v, D4
does not conduct, it remains reverse biased because the steering voltage
is at its high level. D3 becomes forward biased and conducts. It diverts
the base current, Ibz from Q2 and supplies a reverse turn off current
(IBy)) to Q. Besides just diverting 152 from Q2, Ein also pulls down
the collector of Q3 through diode D3. The importance of this point will
become more evident when the turn on time of Q; is determined. To
calculate the minimum value of 132, it will be necessary to determine
the minimum current through Cj, Ig;, and subtract the maximum Ib, and the

maximum current through the steering resistor Rg at low power supply
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voltages and low temperature. The minimum current through Cj for a

ramp Ej, voltage with a 0.2 /usec fall time is

I..=4Q=¢c, - 4¥=71.2x 10712 x __3.25 v
£ ae t 0.2 x 1076 sec

1,16 ma

(Note: This is true when a voltage source drives
the capacitor and a low impedance sink
exists on the other side.)

The maximum current through Rg during storage time is

7 v =0.7 v)
1.5 K

= 4.25 v = (

IRg =

o [

= 0,283 ma
From the +15% power supply computer run (7/10/64)
Ibz = 0.12 ma

This minimum occurs at low power supply voltages, low temperature
(e, VD2 and Vbez maximum) and Rp maximum. To get Iby maximum at low
temperature and low power supply, Ry should be minimum. If Ibz is
multiplied x 1.08, this is accomplished. Also initial tolerances on
Vbela VD2 and Vbez should be minimum rather than maximum in the computer
solution. This results in an additional voltage across Ry of 0.16 v

for Vbey» 0.05 v for Vhey s and 0.16 v for Vp,. The resultant increase

in Iy, is 0:37 Vv = 0.03 ma.
2 11.6 K

Maximum Iy, at low temperature and low power supply voltage is

then,
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Ibz 0.12 x 1.08 + 0.03 ma
= 0.16 ma

The turn off current Ip, is then

1.16 ma - 0,28 ma - 0.16 ma

0.72 ma

ii. Storage Time Calculation for Q

- I q
tg = L3 in _B1 + IBz (from Appendix E) by - Toy
0.69 R IB2
0.69 0.0 + 0.72
I I
= _20 1, 0.88 Iyg = —2 = L
0.69 © 0.72 hpg  hpe
= 0,26 = .003
. 100
= 5.8 n sec
~ 0.0

The value for tg, 5.8 n sec, was calculated on the basis of a
constant reverse current IB,. However, as was shown in the flip flop
triggering analysis for a 0.2 sec, input at low temperature and low
power supply, the time required in the worst case, from the start of
pulling current away from the base of Q) until all of the current through
Ry is diverted through D3 is approximately 42 n sec. Since during this

42 n sec, Vo 1s decreasing as Ip, is decreasing to zero fairly uniformly,
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and 42 n sec is considerably longer than the computed 5.8 n sec for

tg, then tg can be neglected as a factor in determining flip flop loop
time. Looking at it from the standpoint of worst than worst case, since
at the end of the 42 n sec, (if there were a stored base charge V),
would remain practically constant), close to the full IBZ i.e., 0.72

ma would be applied and the 5.8 n sec tg would apply. It is felt that

the worst than worst case just cited should not be applied here.

iii. Turn 0ff Time Calculation for Qp

Q2 is heavily saturated Ibz'zs % Ieoy (Ic2 = I; from computer
run) . Therefore, during the 42 n sec period in which Ib2 is diverted,
little turn OFF charge can be assumed to be taken from the base of Q.

This is true because the 42 n sec is practically over before
Q2 starts to come out of saturation i.e., it takes very little base
current to saturate Q, IbS2 << Ib2° Therefore, the current pulled
through D3 must practically equal the initial Ibé before Q, begins to
turn OFF, Furthermore, at the end of the 42 n sec, Vo is at +l.4 v
which is sufficiently low to guarantee no base current through Q, at
-10°C as shown by part data Appendix D. This means that at the end of
this 42 n sec for all practical purposes, the only thing determining fall
time is the response of the collector and collector circuit. The fol-
lowing will discuss in more detail, the reasons for this last sgatement.

Initially, when Q is fully biased on, Q) 1s driven well into

saturation as stated previously. This being the case, the equation
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for fall time would be tf = Q§,+ Qc , assuming a constant IBZ'

If it is assumed in the worst case that the charge Qb is not removed

until after the 42 n sec have elapsed, then the time, LEQh > to clear

out Qb is calculated as follows:

Q = 1.2 I.. = 1.2 (0.3) (10°3)
7 T £ (2) (3.14) (25) (106)

2.3 x 10"12 coulombs

% = 2.3 x 10712 _ 9 7
t . = . n sec
fo T3, 0.85 x 10-3

Ve ww

This term is quite small compared to the collector circuit com-
ponent of tg as will be shown and can therefore be omitted.
Considering the collector circuit as it affects tg, the equivalent

circuit would be as follows:

+Vee v Vec
(2K élzw
D| o D?.
[ , c+i>x<j+c Covs
I . TC b, b;I V

, Q
f1 y Ic Qi_ T wS_L
| :lj:us 2;

4

FIGURE 19
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Since the base of Q3 is initially forward biased (emitter
follower), the voltage across the base to emitter junction changes
only a couple tenths of a volt when Q3 is brought into saturation.
This being the case, the effect of Cib3 can be neglected. Also,
capacitance on the emitter of Q3 can be neglected since it is attenuated
by hFE3' Cob2 is approximately 8 pf which is the average capacitance
as Vg, goes from the ON condition to about +2 volts in the OFF condition,
(from the Fairchild 2N914 data sheet curves, Input and Output Capacitance
vs. Reverse Bias Voltage). For Cobgys if we assume in the worst case that
the input signal remains at the base of Q for the full turn off time
of Q then Cppq must be charged. Since D, is forward biased by the
trigger signal, this makes the collector of Q3 look like a low impedance,
i.e., the input signal is from a low impedance source. From the
Fairchild 2N914 data sheet curves for Cgp, Cobs @ 0.4 v is about 9 pf..
A Vop of 0.4 v was chosen since the 0.2 sec voltage fall time input
pulls the collector of Q3 down to about +1.3 volts while the base of Q3
is at about +0.5 volts. The initial difference, V¢b3, is then about
1.3 - 0.5 =0.8v., As Vg, increases, Vcp3 decreases to 0 volts after
which the collector becomes forward biased. The average Vcb3 during
this interval is then about 0.4 volts. Diode D, has a back bias of
approximately 1 volt. From the FDS-6 curves from Fairchild the maximum
diode capacitance is approximately 2 pf. If it is assumed that the

packaging results in a stray capacitance, Cg, of 5 pf then the total
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capacitance Cp = Cg + Cob2 + Cob3 + Cpy,

5 pf + 8 pf + 9 pf + 2 pf

24 pf
The time constant of the collector circuit for turn off is then
T, C. = R Cp = 12.5 x 103 x 24 x 10712

= 300 x 10~9 sec

_’ At low temperature (~10°C), the collector of Q rises from

+1.0 volt to +2.0 volts before being clamped, i.e,, from 20% to 40%
of the appiied 5 volts. Referring to a standard time constant chart,
it can be seen that this requires 0.3 T, C. The time required for
the collector of Q) to reach its final 2 volt value is then,

teg = 0.3 x 300 x 1079 sec = 90 n sec
Good correlation was obtained in laboratory measurements between this
number and the measures tg. Subtracting out the effect of the scope
probe capacitance the laboratory measurement indicated a tf on the
breadboard of 100 n sec.

Returning again to consideration of how long an input trigger
signal must hold the triggered base off for a guaranteed change in state
of the flip flop, if the input signal at Q; base should vanish after
the 42 n sec time discussed previously with reference to triggering,
the collectors of both transistors would be down and would both rise with

a time constant as determined in the tg calculations. The transistor



with the best combination of smallest collector voltage, lower Vg,
lower beta, etc., would charge up fastest to the point of supplying
base current to its opposite which would then regenerate and cause the
flip flop to set, with the transistor being in the OFF conditions
having the best combination of parameters just listed. It can now be
seen that the end of the 42 n sec period is the flip flop uncertainty
point. If the input signal were to end there, the state of the flip
flop would be unpredictable in the worst case. it was shown that the worst
case fall time of Q) was 90 n sec. If we allow a mismatch of up to
30% in collector and stray capacitance, 8% in resistor mismatch and
mismatch of 0.2 v in initial V., voltage (QEZ;X = ,04 == .04 T. C.),
the time to charge fully (assuming that one side, Q has a T. C. of

188 n sec ie,Cob3 drops out) is for Q3; tg = 0.3 x 188 n sec x .62

0.3 x 188 n sec x 1.04 = 59 n sec.

= 35 n sec for Q; tf
ANt = 59 n sec. - 35 n sec = 24 n sec.

This says that in the worst case the trigger should hold down
the previously ON base for at least 24 n sec past the 42 n sec previously

discussed, to guarantee triggering the flip flop.
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b. Transient Analysis Flip Flop Buffer Stages

i. Storage Time

The time required to pull out the stored charge is given by,

te = ty 1In
s b
Ib2 + Ibs

Nominal Case

Using the £lip flop computer analysis, Appendix C - Computer

Run #5, for the mominal values of all parameters,

= 3.7V = —~
IB2 TR E 37 pua ~ 0.04 ma
hpg = 55

_ I3+ I, + 4 Nand Loads = .12 ma + .26 ma + 4 x .66 ma
'bs = h 55

FE

= 55 ma~= 0.05 ma
ty, = Tg £ 13 n sec (from 2N914 specification sheet)
tg = 13 x 1077 1n Q.54 + 0.04 = 24 n sec

0.04 + 0.05
Observed value in the laboratory = 35 n sec.

Worst Case (+15% Power Supplied)

I + I
¢ - Ts 1n 2L” B2
S 0069 Ibs + IBZ

Worst case occurs at maximum Vee, minimum Vi, and high temperature.

(Parameter values from Appendix C - F/F Computéf Analysis.)
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“T’s = 20 n sec (from 2N914 specification sheet)
Ibl = 0.78 ma

Ip. = 2.55 v+ 0.51 v = 2944

B2 104 K a

Bpg, = 120 + 120 x 55 x 0.009 = 179.5

I I3 + I4 + 1 Nand Load —0.15 + 0.34 + 0.79
b

bs ™~ HFE 179.5
= 7.l/qa
¢ 20x 10°7 1n 0.78 + .029 = 29 x 10~2 1n 22.4
ts 0.69 0.007 + .029
tg { 87 n sec

Worst Case (+5% Power Supplies)

T s = 20 n sec
Egl = 0.68 ma
_1_52 = 32 ua
Iy = 0.14 ma + 0.29 ma + 0.71 ma = 6 /ca
— 179.5
tg = 29 x 1072 1n 0.68 + 0.032
0.006 + 0.032
tg = 84 n sec

ii. Fall Time (Voltage Rise Time)
The fall times of interest are:
The time the voltage rises, driving another flip flop.

The time the voltage rises until it reaches Vi + Vp, + Vpg = VDl
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(Nand parametdrs) when driving Nands only. This time is of
interest in determining the turn on time of the Nand.
The worst case condition of driving the Nands and one F/F
input. This is a repetition rate consideration and any F/F
input loads greater than one, will decrease the tf and thus
increase possible repetition rate.

The fall time equation for the lightly saturated case, i.e.,

worst case solutions, is given by:

e . - ~n —i 1
te = + Nee Ry, Yo In 22 * Ins
f 74a v
ce IB2
since hfe R, = 1
Vee Ibs
N q . IBZ + IbS
te = + e In —Sg—

For the case where the buffer stages are fairly hegvily saturated,

% + Q

t =
£7 15, + 0.5 Ty,

1.2 L
2 £,

QB=

Nominal
For purposes of checking the validity of the charge equation

approach to calculating tg, a nominal solution is calculated and mea-

surements made in the laboratory.
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Q = L:2%3.0x 10-3 = 1.9 x 1012 coulombs
6.2 x 300 x 10-12
Qe = 1.2 Cop Veb = 1.2 x 4.5 x 10712 x 5
= 27 x 10~12 coulombs
hge = 25
1}32=35/aa
Ipg = L"0" +13 + T4 = 55 ya for T "o" + I3+ 14 = 3 ma

hee
(For these calculations and measurements, a resistor to
+5 volts simulates Nand loads).
Cs = 2 pf = stray capacitance across emitter to base of
circuit including transistor loads.

Q' = Cs x5 v =1.0x 10712 x 5 volts = 5 x 10712 coulombs

then, tg = Q% + Q * Qsp-e

_ 1.9 x 10712 4+ 27 x 10712 + 5,0 x 10712
35 x 106 + 27.5 x 10-6

= 0.55/wsec*

Worst Case (+15% Power Supplies)

Worst case occurs at maximum Vb (-2.55 v), minimum V.. (4.25 v)
low temperature (-10°C), on minimum hge. For worst case, Equation 9,

Appendix E, is used.

*Measurements in the laboratory with the above operating conditionms,
showed a tg of 0.5 «sec which is in good agreement with the calculated
value. Also, laboratory results show that in some cases, the Cip of the
inner transistor assists in turn off of the outer transistor.
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IB + I
tf = 7; In 2 bs

Iin = 534 ua (from Nand t¢ calculations)

Q = 1.2 x 6 x 10-12 x 4,25 = 30.6 x 10712
I, = 0 (conditioned by another F/F or Nand)
Vi + V

Iy, ==l 2 * 254a

'].OOC RS
I3 = 102 Ya
Ta = 0.53 n sec
I = number of loads x Ijin + 1.3. = (# + %) x 534 48 + 102 Xa

hee 25

= (#+ %) x 21l.4ya + 4.1 4a

i

number of Nand loads

*
]

number of F/F inputs

F/F D, C. Loading

F/F loading only. Using Equation 9 for turn off time,

tg = 0.9 0.53 n sec + 30,6 x 10°'2 In
* x 21.4 x 1076 + 4,1 x 106

25

Note: Multiplying time 0.9 yields actual measured 90% value.
A plot of worst case turn off time (tg) versus number of F/F inputs is

given in Figure 20.
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D. C. (F/F) and Capacitive Loading

In order to factor in the capacitive loading, the worst case
turn off time is taken as the sum of two times: the D. C. tg and
2.3 x R, Cg. The 2,3 term yields the time at which Ry Cg is at 90%

of final value.

e =0.9l 0.53 x 109 + 30.6 X107 11n 20.1+ * x 21.4
£ * x 21.4 + 4.1 25

4.7 x 103 C
+ - s

A plot of D. C. (F/F) and capactivie loading is given in Figure 21.

Nand D, C. Loading

Figure 20 is not valid for Nand D. C. loading. In the case of
Nand D. C. loading, the output rises in the same manner as for F/F
loading until it reaches Vpe + VD, + Vpg = Vb1 = Vo of the Nand. From
this time until it reaches the final value the turn off is determined
by R3. The time required to reach V¢ of the Nand can be found solving
the following equation. Assuming the fall time to be an exponential
Ve = Vee (1 - e - tgN x 2.3/tf)
For the worst case as solved in the Nand tg¢ analysis:
teN = 0.217 tg¢
Figure 20 also contains a plot of tg¢N. tgy 1s only of interest in
determining the turn on delay of the Nand, since the F/F output will
rise to Vec. This case is covered under combination loads of F/F and

Nands.
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D.C. (Nand) and Capacitive Loading

tfN is calculated in the same manner as part C.

teN = 0,27 tf
Figure 22 is a plot of tgyN versus D.C. (Nand) and capacitive loading.
F/F and Nand Loading

The condition of driving a combination of Nands and F/F's is the
combination of two times: tfyN and the time required to rise from Vg to

. 90% Vee. This time tff is given by:

tgg = 0.217 [_5.53 x 10°9 + 30.6 x 106 1n
L (* + #) x 21.4 + 4.

a—

29.1 + (# + %) 21.4 + 0.773 [§l53 x 10™9 + 30.6 x 106 ;:]
1

25 *x 21.4 + 4

In 29.1 +* x 21.4 + 0.217 x 14.7 x 103 Cg
25 FF =

+ 0.773 x 14.7 x 103 x Cg
x*

or tf = tgy + 0.78 t¢

Example: = For the .worst case of no Nands; one F/F input and 30 pf

stray capacitance:

tg = 1.28//4sec - this is sufficient to guarantee
500KC operation,

. Worst Case (45% Power Supplies)

Worst case parameters are:

hpg = 25

ILin = 698/A4a (from Nand tg calculation)
| Qe = 34.2 x 10712

I, =0
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X

= 0.53 n sec

g = (F + %) x 608xa + 1154a = (F +*) x 24.3 4a + 4.64a

F/F D, C, Loading

tf F/F = 0.9

25

| * x 24.3 +

P——

- ' 6
0.53 x 10 9 + 34,2 x 10°

4.6

In 30.6 + * x 24.3
26

A plot of worst case turn off time (tg) versus the number of F/F

inputs is given in Figure 20. (Note:

The +5% and +157% power supply

curves are approximately the same therefore only one curve is shown) .

D, C. (F/F) and Capacitive Loading

The capactivie loading was factored in the same way as for the

+15% P. S. case. A plot of D, C. and capacitive loading is given in

Figure 21.

Nand D. C. Loading

The case of the Nand D. C. loading is similar to part c of the

+15% P. S. case. The resulting curve is approximately the same curve

as Figure 20.

D, C. Nand and Capgcitive Loading

Since tgyN is approximately the same for the +5% P. S. case, the

condition of capacitive loading is also the,same as given in Figure 22,
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iii. Rise Time (Voltage Fall Time)

The time required to saturate Q) or Q, in the nominal case is

given by:

Nominal
From the previous tg calculations and under the same load

conditions.

Qb 1.9 x 10712 coulombs

Q = 27 x 1012 coulombs

Qsbe ~5 x 10712 coulombs

I, = 0.055 ma

0.54 ma (Nominal solution for Ib1 computer run
Appendix III)

e, = 1.9 x 1071 + 27 x 10712 4+ 5 x 10712 = 65 nsec.
0.54 x 1073 - 0.5 x 0.055 x 10-3

Ibl

Observed value in the laboratory 70 n sec.

Worst Case (+157% Power Supplies)

Since the rise time is of prime interest in connection with the
F/F triggering, the worst case conditions are low power supplies and
low temperature.
D. C, Loading Only
Ibl = 325 a

7a = 0.53 n sec
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I Qe = 30.6 x 10712
o I, x (F+ % _ 525 x 1078 (# + %)
Ipg = = 75
P hfe
P =21 x 1076 x (# + %)
ee = |0.53 x 10-9 + 1455 x 1076 | In 325

F+% | 325-21x F+ %

Figure 23 is a worst case plot of ty versus number of D. D. loads.

Capacitive Loading

In order to include the effect of capacitive loading, an additional
charge must be supplied to the base. The total charge supplied to the

base is then given by the sum of Q. plus Qg. Qg is the stray capacitive

charge reflected to the base. The rise time equation can be written as:

I
tr = 7/3 + 82_1-_% In _—P—l—-—
L Ibg__v Ib1 - Ips

Cs (Vcc - Vce)
hfe

Qs

For the worst case condition being considered:

1.455 x 1076 + 7.9 x 103 Cg | 1In
F+*

tr = |0.53 x 1077 +

325
325 - 21 x (# + %)

Figure 24 is a worst case plot of ty versus number of loads for D. C.

loading.
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Worst Case (+5% Power Supplies)

D, C., lLoading Only

Ip; = 4llya

Ta

0.53 n sec

Q, = 34.2 x 10-12
Ipg = 24.2 x 1070 x (# + *)
il —
t =10.53 10‘9 + 1.415 x 10 In 41;
ro |70 Frx 411 - 24.2 x (F + *)

Figure 25 is a worst case plot of tr versus number of loads for D. C.

loading.

Capacitive Loading

9 , 1.415 x 107% + 7.85 x 103 x Cs| 1n
# o+ %

ty = [0.53 x 10°

411
411 = 24,2 x (# + *)

Figure 26 is a plot of t, versus D. C. and capacitive loading.

Delay Time

The delay time as defined as starting from the time the input
waveform has decreased 10% to the time the output waveform has decreased
10% is the sum of the following items:

tyr - time required to exceed the threshold voltage
tg - storage time of inner transistor

tg - rise time of the collector of the inner transistor

-92 -



Je9su
4% 08¢ ore 002 0% o2l 08

4-
7 i
i+ + . ! R [
R P SRR ST .
g T IRRENE) SRR
|

~
7
4




ooy

J98u

09¢ 02¢ 082 1] 74 002 091 (174 ] 08 oy 0
I ” y.
. A4V,
. y
N : y y 3d 08
iV 4
: y 7400l
: 7
v y -
: i /
: v,
: /] /
s ] 3406l
= y.
H Y, /
. - 3d00¢
4
: 1] 34062
" 4
. 3doce
4 1]
: )
I




tdy - delay time of outer transistor that is being turned on

ty - 10% of rise time of outer transistor

As discussed in the transient analysis of the inner transistor,
tg is negligible. In addition, since the rise time of the outer transient
is approximately an exponential, the initial 10% decrease of the output
can also be assumed negligible. Therefore, the delay time is very
nearly given by

tg = tyr + tg (inner transistor) + tg,

The worst case typ can be obtained from the triggering analysis. The
te of the inner transistor 1s given in the transient analysis of the

inner transistor, tdr can be calculated as follows:

N A

4
AVVLUAL

-1
¥

0.54 ma
Qe = 1.67 Cip Vhe e = 167 % 6 x 10712 x 0.5 = 5.0 x 10712

-
on
Pt
(]

Qug = 12 Cgp Vep = 1.2 x 4.5 x 10712 x 0.5 = 2.70 x 10712
tri = 30 nsec.
The 30 nsec. number for tri is an estimate. It is based on the fact
that the internal Flip~Flop has a t¢ of 90 nsec. (which actually 1is
what turns on the opposite side of the Flip-Flop and when tdq occurs).
This results from a time constant of 300 nsec, (see transient analysis

of internal F/F). Considering that during the ty time of the output
buffer (Q,), the collector of Qj need only rise about 0.5v once the

emitter of Q3 begins to pull up the base of Q) from its nominally OFF

condition of about =0.1v to +0.4 volts. The 0.4 volt value is where
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appreciable base current begins to flow through Qj. Since the time

constant of the circuit driving the base of Qi is 300 n sec.and the

0.5 v
S5v

td, then the tyi of the input signal during time t4 is 10% x 300 = 30 n sec.

circuit must swing x 100% = 10% of the applied voltage during

Then

2 x 30 x 10°2 (5.0 x 10-12 4+ 2.7 x 10-12) %

0.54 x 10=3

. = 29.3 n sec

Observed value in the laboratory was 32 n sec.

tdr

Worst Case (+15% Power Supplies)

Worst case occurs at minimum Vee, Vi, and low temperature.
Ibl = 325/4( a
Q = 1.67 x 9 x 10712 x (Vpey - Vp) = 10.5 x 10712

Q. = 1.2 x 6 x 10712 x (Vpe; - V1) = 5.1 x 10712

tri = 45 n sec (assuming 15% of worst case time constant)
tdr = 66 n sec

Worst Case (+5% Power Supplies)

Ip, = 411 4 a

o Q = 10.5 x 10712
Q. = 5.1 x 10712
tri € 45 n sec

tdr = 59 n sec
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The nominal case delay time of the F/F is then equal to

40 n sec + 30 n sec + 29.3 n sec

llbn sec

Observed value = 170 n sec.

The worst case delay time (15% P. S.) is equal to

td 110 n sec + 45 n sec + 66 n sec

221 n sec
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3.

Flip Flop Triggering:

In analyzing the triggering of the F/F, three time con-
stants and equivalent circuits must be considered,

1. 1Initially, the inside of the capacitor, on the side
that is conditioned, sets at Vg (threshold voltage). The A.C,
equivalent circuit is given in Figure 27. From time zero, with
reference to the start of the triggering edge, untﬂ.D3 is for-

ward biased, Req is Rg paralleled by Rg.

—r
——

»

&“— -

i

€« tr >

|
NG

.||.____,_..._

Figure 27
2. After Dy is forward biased, but before diode D5 is
cut off, Req is Rg, Rg and Ry in parallel, By assuming Rp is
switched in as soon as Dj is forward biased, a condition slightly
worse than worst case is guaranteed, This is offset by the
assumption that ts is negligible,

3. After D5 is cut off, R, is Rg and R2 parallel.

q

The analysis for a ramp input driving the input networks is given

in Appendix F.




A. Nominal

The voltage threshold is given by

Vr = Rg Rs Voo + Inpa + Ve + Vee
R (age "o s

Rg

1,96 v

The voltage at the base of Q2 is given by

Vyp =V + V = 1,4 v
2 bte beQ2

The voltage on the inside of the capacitor as a function of
time is given by (see Appendix F for derivation).

v(t) = Vg - Req ECy | 1-e /Ry Cyf+ It

ty €1

1. Until D3 is forward biased

Vi = VT

E = driving potential

I = D.C. current (I3)

Req= Rg and R5 in parallel
Substituting inthe following nominal values:

VT = 1,96 v

Req = 3.38 K

E = Voo - Voo - Vpy = 4.25
C =75 pf
14 - 250/'3
v(t) = 1.96 - 10.7 x 10°7 (1 - e ~5/254 x 10-9)+3.33 x 106 ¢
t

r
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2, After D3 is forward biased and before D5 is cut off

V; = Vt (the voltage at the time the noise immunity
is exceeded.)

Req

I = Iy + I4 = 22%/u a + ZSO/M a = 47?/“&

2.64K

-7 - - -
v(t) = V¢ - S-t x 10 (1-e (¢ t12/198 x 1070) + 6.33 x
r
10° (t-t1)

‘. 3, After Dg is cut off
| vy = Vt2 (the voltage at the time Dg is cut off)
| Req = 6K
|

I =Ib2+14=475/«4a

v(t)= V., - 19.1x 1077 (1 - e '(t't2)/£50 x 10~9) + 6.33 x 10%(t-ty)

tr

T W —

4. After the edge of the input pulse has passed,

v(t) = (Voo - V) (1 -e 'E/ﬁeqC) + vy

From Appendix F

Vi = Vi, the voltage a time t..

v(t) =(5-V.) (L-e '(t'tr{//Z5o x 10”9 + Ver

Figure 29 is a plot of the voltage on the inside of the capacitor

F.’

|
’ Figure 29 also contains a plot of the voltage on the base of Q2.

as a function of time for t, of input = 100 nsec.

‘ The effect of D3 is included in the base voltage plot. In order to

guarantee triggering, Q7 must be kept "off" for a particular length
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of time. 1If the F/F has not flipped and reach a steady state by the
time the voltage on the base rises to a turn on value, the F/F won't
flip. For a turn on voltage of l.lv nominal, the guaranteed off time

is seen to be;>300 nsec.,

B. Worst Case (+15% Power Supplies)

The worst case triggering occurs at low power supplies, low
temperature, maximum V¢, and minimum Vs,

VT = 1.96V

V2 Vp1 + 35 x chl + Vp2 + 35 x TCpp = 1.58v

VNI(- 1OOC)= 1.96 - 1.58 + Vp3 = 0.91v
The voltage on the inside of the capacitor as a function
of time using equation 10 Appendix F is given by
1. Until D3 is forward biased.

Vi = Vp = 1.96v

Rgq = 3.24K
: ~ E = 3.28v
C = 71.2 pf
I, = 20g/4a
Ip2 = 15Q/4a
v(t) = 1.96 - 7.58 x 10"’ 51 -e " 5/641 x 10-9) + 2,81 x100 ¢t

Ly
2 After D3 is forward biased and before D5 is cut off

Vi = th

2.54K

35Q/4a

Req
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- . -7 . -(t-t,) - 6(t-
v(t) = th 5.92 x 10 (1 - e 1//;_81 < 10 4 ) + 4.9 x 109(t-tl)

tr

3. After DS is cut off

VeetVps = 0.44 + 2.3 x 1073 x 35 + 0.1 = 0.62

-7 '(t'tZZ// -9 6
v(t) = Vo, - 13.46 x 1077 (1 - e 400 x 1079) + 4,91 x 106(t-tp)

Vi = Vt2

Req = 5.76K

1 = 359/M a
tr

4. After the edge of the input pulse has passed

v(t) = (4.25 - Vep) (L - e '(t'tﬁ>/200 x 107%) + Ver

using Equation 11 Appendix F

Figures 30 and 31 are plots of the voltage on the inside of the cap-

acitor and the base for ty = 200 nsec. and 275 nsec. respectively.

In Figure 30 if it is assumed that a minimum change of 180 mv is

sufficient to guarantee regeneration in the F/F, then the base is

kept below this for 98 nsec,

C. Worst Case (+5% Power Supplies)

Vr = 2.10v
Vo = 1.58v

VNI = 1.08v

The voltage on the inside of the capacitor as a function of time

using equation 10 is given by
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1. Until D3 is forward biased

Vi = VT = 2.10v

Rgq = 3.24K
E = 3.78v
C =71,2 pf
Ia = 23Q/4a
I,, = 200 4a
b2 M
-7 -5/’ -4 6
v(t) = 2.1 - 8.72 x 1077 (1 - e /241 x 107%) +3.23 x 10° ¢
t

r

2. After D3 is forward biased and before Dg is cut off
Vi = Vei

2.54K

Req
I = 430/A1a

v(t) = Vg - 6.82 x 10°7 (1 - e -(t-tll//181 x 10-9) + 6.04 x 106

t. (t-tl)

3. After D5 is cut off

Vcc + VD5 = 0,62

Vi = Ve2

Req

I = 430/M a

v(t) = V.p - 15.50 x 1077 (1 - e '(t'tz)/Zoo x 1079 -6.04 x 10°
tr (t'tz)

5.76K

4. After the edge of the input pulse has passed

v(t) = (4.75 - Vgy) (L - e '(t't)/ZOO x 10°9) + Ver
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Figure 32 and 33 are plots of the voltage on the inside of
the capacitor and the base for ty = 200 nsec and 275 nsec. respec-

tively.

4, Repetition Rate

; "1. 1In analyzing the repetition rate of the F/F, its use as a
counter (toggle) shift register, and conditioned by a gate must
. be considered. The input circuitry which determines the repetition

rate is shown below,

Defining the conditioning terminal as A and the triggering terminal
as B, a table of all possible input and triggering conditions can be
made. Tn this way the time constants and total &V on the capacitor
can be determined and the limiting condition on the repetition rate

can be found,
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10

11

12

A initial A final B initial B final R in time constant AV

1

0

1

1 ’_",:’RS + Rll "3
1 K g9+ Rqj +3
0 Rg -3
0 R9 +3
0 Rg 4.2
1 Rg + R11 4.2
0

1 - RS + Rll -3
0 - Ry 1.2
1 Rg + Ry1 +1.2
1 Rg + R11 -1.2
0

Getting set to
be triggered.

Conditioning
gate,

No action.

Conditioning
gate.

Gating out.
No action.
Triggering
Charging cap-
acitor for
triggering.
The RC delay
prevents

triggering.

Conditioning
gate,

Charging cap-
acitor for
triggering.

Triggering.

The longest time constant is Rg + Rjj which occurs for cases 2, 6, and

10.

worst case since it has the largest & V.

Case 6 doesn't matter since nothing is happening.

Case 2 is the

This case can occur when

the F/F is connected in a shift register or when it is conditioned by any

logic element, When it is connected as a shift register the difference

in charge on the two capacitors will guarantee no false triggering.
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2. 500K.C. Flip Flop

The worst case to be considered is when a single input is conditioned.
R9 = 12K
Ryp = 6.2K
C =75 pf
The worst case time constant is equal to:
- 1.04 (12 x 103 + 6.2 x 107) x 1.05 x 75 x 10712
= 1.49 usec.
In two microseconds the voltage on the inside of the capacitor has
charged to
= Vt + (Vcc - Vt) (l-e ~t/7)
From Computer Run #5
Vee = 5,75
Ve = 2,15
= 2,5+ (3.6) (1-e"1.34)
= 4.81
Before triggering would occur the voltage on the inside of the cap-
acitor would have to be decreased 4.8l - 2,15 + Vyg volts.
VNI = Vt -VbeQp - VbeQy, + VD3
- 2,15 - 0.81 - 2,5 x 10°3 x 35 - 0.7 - 2.5 x 1073 x 35 + 0.5
= 0.975
A total change of 3.6von the inside of the capacitor is then required
to trigger the F/F, As can be seen by the plots for nominal and worst

case triggering an attenuation of the input pulse of approximately
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72% results. For a Vecc of 5.75 an input pulse of Vcc-Vce—VD7 = 5.0
results - attenuated by 72% yields 3.6 v, Therefore 500 KC opera-
tion is guaranteed under the worst case conditions.
3. 65K.C. Flip Flop - As explained previously, Rg, Rg, and Ry;
were increased in value by almost ten times to result in a flip
flop that would operate to at least 50K.C. The values chosen

39K ohm

were R5

100K ohm

Rg
Rj1 = 39K ohm
The worst case time constant as shown in the previous 500K.C.
repetition rate analysis is:
= Rg + Ry; x C = 1.49x sec.

Then for the higher values for Rg and R9 the time constant is

1.04 (100 x 103 + 39 x 103) x 1.05 x 75 x 10712
= 11.4 sec.

The maximum repetition rate is then

- 1.49 sec, x 500K.C.
11.4 sec.

65K.C.

This is based on the triggering and repetition rate analysis per-
formed previously for the 500K.C. flip flop. Actually the repetition
rate will be slightly greater than 65K.C. The reason for this is

that during triggering less charging current will be applied to

0112 -



the capacitor,(Rs, R9 and Rll are larger). Therefore less voltage

swing is required at the flip flop side of the capacitor for guaranteed

triggering.
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j 1,

2,

G.E. Transistor Manual - Sixth Edition 1962

"Using Charge Concepts in Transient Analysis of Transistor
Switching Circuits' Electronic Design, August 16, 1963, August
30, 1963.

Transistor Engineering - Phillips - McGraw-Hill 1962

Transient Response In Transistors - Kvammi - G.E. TIS R61EGP8
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Glossary
Cib

Cob
Cs

E

Ico
IpL
Ieo
Iin
1"o"
"o

Power "o

Power ''1"

Qb

Qc

Qs

APPENDIX A

emitter to base capacitance

collector to base capacitance

stray capacitance

driving potential

fan out/fan in

gain bandwidth product

beta

reverse current

current required to saturate transistor

collector to base leakage

diode leakage

emitter to base leakage

current being pulled out of Nand input

output current capability

power dissipated when output of Nand is in the zero state
power dissipated when output of Nand is in the one state

active base charge required to permit a given collector
current to flow

charge needed to charge collector depletion region
charge necessary to charge emitter depletion region
charge due to stray capacitance reflected to the base

Laplace domain operator
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td

tdr

LN

tod
tr
tri
ts

Bv

Ve
Vhase
Vece

Vi

total delay time

turn on delay time

voltage rise time; turn off time
turn off time required to reach Vc
turn off delay

rise time (voltage fall time)

rise time of input

storage time

negative power supply

Vbe + VD4 + VD - VDl of Nand

5
"off" voltage on the base emitter junction of the Nand
positive power supply

initial voltage

noise immunity voltage

voltage at which time base current is pulled out of
Nand by driving source.

threshold voltage

voltage on inside of tirggering capacitor at time
the noise immunity is exceeded.

voltage on inside of triggering capacitor at the time
D5 is cut off.

voltage on inside of triggering capacitor at the time
the input ramp has ceased.

voltage on the base of the outer "off'" transistor in
the F/F analysis.

Vbel + Vbes in F/F analysis.
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“Ta
Cs
#

active region time constant
stored charge time constant
number of Nand loads

number of F/F input loads
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APPENDIX B

Explanation of Computer Format and Runs

The purpose of this section will be to work completely through
a computer run - from compiling of the linear equation in the computer
language (actually an intermediate language) to analyzing the computer
print=-out.
' A. The first step is to write the linear circuit equations in matrix
| form i.e., the unknowns on the left with their coefficients, and equal
to a constant on the right.
ajl xp taypp x2 +a13 x3 = K
ag1 ¥1 t agy xp taz3x3 = K
azy X * azp xp a3z x3 = K3
In some cases, the coefficients are zero.

Consider the first set of Nand equations.

1. 81 F (Vec - Vee - Vp1) - hrg (Vcc - Vpy - Vp5 - Vbe)
0.97 1.03

F (Vee +Vp1 = Vp2 = VD3 = Vp) = Ipp = Ico = Ieo = brE(Vphe *+ Vp)
Ro R2

2. 8 (Vee = Vee = Vp1) = Lin = -Ico = leo = IpL

+Vee + Vp1 =~ Vp2 = Vp3 = Vp
R

- 118 -



3. Vpase ® Vee T VD1 - Vp2 - Vb3

4, gl (Vcc - VD4 - Vp5 -~ Vbe) - Ib = Vbe + Vb
2
5. hgg Ip - I"o" = Voo -V
—R;

ce

In this particular case for a 5 x 5 martix and for the second

equation,
. az1 = (Vee = Vee = Vp1)
agp = -1

apy, a4, a5 = 0

Ky == (Ioo+ Ieo* IpL) +Vee ¥ Vp1 -~ VD2 - Vp3 + ¥y
Ry

X1 =&

x2 = Ijn

X3 = Vbage

X4 = Ip

x5 = I'o"

B. These equations must be expanded further in order to express

. their temperature dependence. The temperature varying parameters

are expressed as follows:
a. Ioos Lggs and IDL - collector to base, emitter to base
and diode leakages.

IDL = 128 IDLn T = 1.,42 IDLn T

90

90 - the total temperature swing
T - temperature (O°C) but shifted +100 for ease
of computer handling.
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128 - a forcing function, when divided by 90,
forces the leakage at the high temperature
to be worst case. The forcing function is
derived from the rule of thumb of leakage
doubling every 8°C.

approximation

0 35 90
(~100°C) (259C) (80°cC)

b. Vp and Vpe - diode voltage drops, and saturated base
emitter voltage drops.
Vp = Vp, - TCD (T - 35)

Vp, - nominal voltage drop at 25°¢C

TCp - temperature coefficient of diode at its
operating point,

The diode voltage drop is the difference between the
nominal voltage drop and the resultant voltage due to its
temperature coefficient. The equation will cause the temp-
erature varying term to subtract from the nominal for an in-

crease in temperatrue and to add for a decrease in temperature
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hrg ([5) - transistor current gain
hpg. =hFEy + hpg TC hy E(T -~ 35)
hpg j - nominal hpg the minimum nominal hpp and the maximum
temperature coefficient yield a minhmnnhFEof 25 at
-10°c,

The above expression for hpgassumes a linear relationship with
temperature.

All temperature dependent terms are then substituted into the
equation. The matrix elements and the constant for the second equation
becomes

as] = (Vcc - Vee - VDin + TCDl (T - 35)
azg = -1
a23¢ @24 a25 = 0

Ky = =142 T (Iccm + Igon IDLn)

, Vee * VDin - TCpy (T = 35) = Vpgn + TCpy (T - 35) - Vp3n + TCD3(T-35)+W,

Ry
This procedure is continued until all equations contain the temperature
dependent terms.

The next step is to write a parameter list containing the nominal,
minimum and maximum values of a parameter at 25°C. Each parameter is
assigned a number (See Computer Run #1).

The numbers corresponding to a parameter are then substituted

in the equations. The matrix elements and the constant for the second
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equation becomes,
as] = 02 - 03 - 04 + 05 & (06 - 07)

-01

az2
a3, 224, a5 = 0
Ky = -08 & -06 & (09 + 10 + 11) + (03 + 04 - 05 & (06 - 07)
- 12 &13 + 12 & 14 & (06 - 07) + 15) /16

. This procedure is continued until all equation matrix elements and
constants are written in this number notation. The entire set is shown
in Computer Run #1.

The parameter list, matrix elements and constants in the number
notation arethen typed into the computer and the equations are solved.

Computer Print-Out

Refer to Computer Run #1.
Page 1 - This page contains the matrix size and the parameter list.
The parameters are assigned numbers and the nominal, minimum,
and maximum values of the parameter at 25°C are listed.
Page 2 - This page contains the matrix elements and constants for each
equation,
' Page 3 - At the top of page 3 is the nominal solutions for the unknowns.
The unknowns are typed out horizontally in the same order as
they are listed in the matrix.
The partials are then solved for with respect to each parameter.

1f it is not desired to have the partials of the unknowns with
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Page 4 -

Page 5 -

respect to a particular parameter, then a minus sign must be
entered in the maximum column of the parameter list for that
parameter. As a further explanation of the partials, the first
block of partials is expanded.,

This page contains additional partials. At the bottom of
the page is the first extreme case solution. The solutions
given are for the maximum g; and the solution for all the
other unknowns when g; is a maximum.

The extreme case solutions are continued in maximum, minimum
order. The maximum solution for the unknown is given first,
followed by the minimum solution. This is continued until
all extreme cases have solved. The last set of solutions is

meangingless and in later Recomp II programs, it will be deleted.

At the bottom of the page and the top of page 6, parameters

have been changed.

Pages 6 - 10 - These pages contain nominal and extreme solutions when

various parameters are changed.
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APPENDIX C

COMPUTER RUNS

Computer Run #1 (Nand)

Part Assumptions and Their Temperature Dependence

The operating points used for the first run were first approximations.

A, Vpj, = forward voltage drop @ 25°C and If = 0.8 ma - from Fairchild
curves (FD643)

. Nom, Min. Max .
Vi = 0,550 0.528 0.593
T. C. Dy = 2.35 x 1073 2.2 x 1073 2.43 x 1073

B, VD2 and Vpg, = forward voltage drop @ 25°C and I = 60 4a - from
Fairchild curves (FD306)

’ Nom, Min, Max.
VDo = VD3, = 0.540 0.522 0.560
T. C. Dy or D3 = 2,39 x 1073 2.3 x 1073 2.48 x 1073

C. Vpyn and VDSn = forward voltage drop @ 25°C and I =0.5 ma - from
Fairchild curves (FD306)

Nom, Min. Max.
® VD4n = VDgn = 0.625 0.610 0.640
T. C. Dy or Dg = 2,11 x 10-3 2,00 x 1073 2.22 x 10-3
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Vben

VbEn
TCpe

IDLn

IpLn

at 25°C

at 259C

at 250C

at 25°C

and If = 0.5 ma -~ from Fairchild specification

Nom. Min, Max,
0.745 0.730 0.760
2.0 x 1073 1.8 x 103 2.2 x 10-3

and 5 v reverse bias - from Fairchild specification
Nom. Min, Max.

4 x 1079 1 x 10-9 25 x 10-9

and 5 v reverse bias - from Fairchild specification
Nom, Min, Max,

7 x 10-9 1 x 10°9 100 x 10-9

and 5 v reverse bias = from Fairchild curves

Nom. Min, Max,
0.1 x 10°9 0.05 x 10-9 0.15 x 10-9

hFg - same as for F/F,
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6/17/64

MATRIX SIZE ¢ 2
PARAMETERS t

1

O ~N 0N Fow

11
12 ¢
13 ¢
14 .
15 ¢
16 @

17
18

19 :

20
21

23
2l

25

~7

!
Vee
Vee
Yun
Teos,
T
3§
.42
Teon
Teon

It\.n

2
V'M‘vhn
Teoa =Te o,

Vi

Rz
Vb4v~.=v‘:n
Tcoq 2 Teoy

Yben
Te be

NOM

2439-3
3.0

625
2.11=3

. T45
2,0=3

J.P.L. Nand

Computer Run #1

MIN

4,25
0e1
0.528
2,223
1-10

97

29.2
. 005
1,03

MAX

-1.03
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[}

27

Re 140 140 140

MATRIX ELMTS

A

o > > P P

> O » P> P P P> O B P> P> > > O P> P > > P

~

>» > >

1

s 1 21&02'21&022?&82:%:?22(06'07))/22'(2 +2?%!;&o6-o7&23&2u)&

02=12817+1 0T=19+208.06=20407

2

3

4

5
T T U e ST M onormsine

1 02=03=04+05&( 06=0T)

2 -01

3
4

5
- 088068 09+10411 )+( 03+04=058( 06=07 )=12&1 3+12&14&( 06-07)+15) /16

03+0Y%=058( 06=07 )=12&1 3+128&14&( 06-07)
1 02-12&17+12&18&( 06-07)=19+20&( 06-07)
2
3
4 -01
5
(19~-208.( 06=07)+15)/16
1
2

3
Y} -23-23824&(06-07)
5 O1

 omm amN I’
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C 9 -{Ug=U3)/20

9 I.“ N m-"l‘
+.25105 = 4 +.61653 = & _-.33ooo +0 +.13oz3 4 +.78132 - 3 e e
?08 3 a9 . 0.9007x)4°5 whes [vil¥
%3 +0 alunkmwa) ave
-.2 -
-o Tk & Vee A_I.;_" : +0.1 362”0'4 aMpa/nH
AVc(
%Sﬁ 2 —A—_——- i_v.—'-'-i'-; 0.0 V""‘/vol”'
1 - g a Ve aVec
’41 f‘_E_‘ . <0.241) Xll"r QMP;/WH’
"o 558 + ? A & Ve
-9 AV”. ?—;3 s —0-'447”0-31nrs/w|+'
3 -3 aVeo
+,0000 + O
-, 0000 + O —_
+,0000 + O AT,
4+,0000 + O
"01185 - g
- - A
TAP-s L
)630 -6 &
-4575 - 5
787 + 1
g 88 +2 A
-.C@Og I (2) aTco
"06 8 + 3
e 8 + 1
1] SR
-.OOOO + 0
-.1138 +2 &Te
~.6020 + 3
7C7 + 1
Shi1 e
Iy 11 k .* ’2 AT
+e 3() -+ 3
+.254%0 -
+ 1%2 - 2 N
-.L.OO“ + 1 V
R S
‘500 = 3
+.,0000 + O
+,0000 + O o
:-:8888: 8 & Teo, - 127 -
+,0000 + O

pl" 3



+403H0
+.1032
-.ZOLOHOO
+

+.1uu3

"'o"l‘1)~l'9

1029
- .(X)OO
"'021 69
-01 302

+.2241
+.9525

P
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11 4+11 t1 4+

'
(-]
o
Q
o
O

1 +1 1

+.1011

+, 0000
+, 0000
» 0000
» 0000
+, 0000

+.188
+.800
- OOOO
+.,1466
+.8796

+++++

FOFE 00000 MFOFE ~0OC0 WANOHT
>

oVihe

11+ 1

+, 0000
+, 0000
- 0000

3000
+, 0000

+,4966
+.2111
=+ 0000
+.1492
+.,895U

-081 )’!'O
- g’ééo
- 00
"02)'”"'6
-01801

BRI

UIOOO0OO 00000 OO OwW FUIOUION ODOOCOO W

11411

+, 0000
+, 0000
-, 0000
+, 0000
+, 0000

+, 0000
+, 0000
- OOOO
+, 0000

2 752

L+ +++ +++++

-

Max g,

$050520 = 3 +.17376 = 2 =.58055 + O +.92543 = 3 +.18510 = 1 Selutiens when

9‘ VS magmym

Page 4



M.on ' i
+.13128 2y +,84613 = 5 =,20100 = 1 +,26028 « 5 +,26543 = 3 s'lv‘:'»*_gvlf"
9 v Mmoo B

N ea T-n
50520 = 3 +.17376 = 2 =.58055 + 0 +.92543 = 3 +,18510 - 1

M;n .I‘.v\
+.13128 = 4 +,84613 =« 5 =,20100 = 1 +,26028 = 5 +.26543 - 3

Max Vy,oe
+.27172 = 4 +,50816 = 4 -.2o1oo)- 1 +,16507 = 4 +.,61453 - 3

Min Vi
+.25073 = 4 +,79861 - 4 -,58055 Yo +.17826 = 4 +.,97679 - 3

Nav Iy
+,50520 = 3 +,17376 = 2 =.58055 + 0 +.92543 = 3 +,18510 = 1

Min I)
+ 13128 = 4 +,84613 = 5§ =,20100 = 1 +.,26028 = 5 +,26543 = 3

Max Lo
+,50520 = 3 +,17376 = 2 =.58055 + 0 +.92543 = 3 +,18510 = 1

N-’ﬂ I
+.13128 = 4 +,84613 = 5§ =,20100 = 1 +,26028 = 5 +.,26543 - 3

+.82469 = 4 +,25706 = 3 =.49930 + 0 +.,11550 = 3 +.27823 = 2

PARAMETER
16

.

9745
1.03+5

Changed ¢ok (R,) 4, 100 K -
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PARAMETER
13

525

190
560

1

2.5=3
2.38-3
2.6=3

16

s

«IT+5
1,03+5

3.

15023 - 4

M‘l 9

+,64192 - 4

Min 9,

+ 79797 = 5

+.,64192 = 4

+ 79797 = 5

S 5111 - 4

Foll5ol - 4

C han’d
a“' vlz

I:n
+,36308 - &4

+e19755 = 3

+o11147 < &

M" Tin
+19755 - 3

M:n Tia
+ 11147 = 4

+.25493 - 4

+.45278 = 4

Since

Y base

«.30000 + 0 +,76953 = 5

-.58895 + 0

+.52700 = 1

"058895 + 0

+452700 = 1

Mas Vban

+.52700 = 1

Min Vbase

-.58895 + 0 +.88170 = 5

Valve

end

RJ 'S Lciv\j

I

+.82750 - 4

+.19851 = 5§

+.82750 = }

+.19851 = 5

+.67829 - 5
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'}cm'cra"vrc

intréased

To
+., 46167 - 3

+.19272 - 2

+0215£ - 3

+o19272 - 2

+.21508 = 3

+,29400 = 3

+451331 = 3

COC F(~C:C—\+

4, 100K,

NOM‘»'\JI

p.at 6



MAI I
+,64102 = 4 +,19755 = 3 =.58895 + 0 +.82750 y 4 +,19272 = 2

- 131 -
Mn Th
79797 = 5 +.11147 = 4 +,52700 = 1 +,19851 = 5 +,21500 = 3

Ma, Ty
+.64192 = 4 +,19755 = 3 =.580895 + 0 +.82750 - U +.19272 - 2

Mon T
+.79797 = 5 +.11147 = B +.,52700 = 1 +.19851 = 5 +.21500 = 3

PARAMETER
23
6o Decreased /.? $, 20 -10°C
24,2
20
o L.on AT Ty T

£.15023 = b +,36308 = 1 =,30000 + O +,76953 = 5 +.46167 = 3 3 Nom ns

r“:\i 9
CpU47227 = 3 =.16999 = 2 -.58805 + 0 =,97815 = 3 =.16215 = 1

Min 9,
+.79979 = 5 +.11237 = b +.52700 = 1 +,20597 = 5 +.21003 =~ 3

f‘\o\t I;\\
= U7227 = 3 =.16999 = 2 =.58895 + 0 =.97815 = 3 =.16215 - 1

M{-\ I.‘\
“e79979 = 5 +.11237 = b +.,52700 = 1 +,20597 = 5 +.21003 - 3

Mayr Viase
+416635 = 4 +.30793 = 4 +.52700 = 1 +.10773 = b +.33236 - 3 b
age 7



Min Viere
+o14686 - 4 +.4619% = 4 -.58895 + O +.,94499 = 5 +.51780 - 3

- 132 -

Mec Th
- 47227 = 3 -.16999 = 2 =,58895 + 0 =.97815 = 3 =,16215 = 1

Min T
+.79979 = 5 +.11237 = 4 +.52700 = 1 +,20597 = § +.21003 = 3

Mas T,
“ U227 = 3 =.16999 = 2 =,58895 + 0 =.97815 = 3 =~,16215 = 1

. Min T,

+.T79979 = 5 +.11237 = ¥ +,52700 = 1 +,20597 = 5§ +.21003 = 3

PARAMETER
23
0 0
: 3 29 + -10°C
314.2 Raised ﬂ 4 a
80
ﬁ\ I¥v\ Vbasc IB Il

4015023 = 4 +.36308 = b =,30000 + 0 +.76953 = 5 +.46167 = 3} Nom.wal

Max g9,
.+.633o1 -4 +.19440 - 3 -,58895 + 0 +.80989 - 4 +.18973 - 2

M"‘ 9
+o79979 = 5 +.11237 = B4 +,52700 = 1 +.,20597 = 5 +.21003 = 3

MA} r"v\
63301 = 4 +,19440 - 3 -.58895 + O +.80989 = b +,18973 - 2

M-'\ I.;,\

+.79970 = 5 +.11237 = 4 +.52700 = 1 +,20597 = 5 +.21003 = 3 . 5
a:g



Mas VBnt
+,15093 = 4 +.25429 = 4 +,52700 = 1 +.67351 = 5 +.29364 = 3

M:aVBnC
+.14686 « 4 +,46194 = 4 =,58895 + 0 +,94499 - 5 +.,51780 - 3

Ma: T
+463301 = 4 +.,19440 = 3 -.58895 + 0 +.80989 - ¥ +.,18973 - 2

'V\'.w Il
+.79979 = 5 +.11237 = 4 +,52700 = 1 +,20597 = 5 +.21003 = 3

Mt; rl
+463301 = 4 +.19440 « 3 =.58895 + 0 +.80989 - 4 +.,18973 - 2

Min I
+.79979 = 5 +.11237 = b +,52700 = 1. +,2059T7 = 5 +.21oo§ -3

PARAMETER

16i+3 Redveed Rz bac K to
58.2+3 ineveased ﬂ to 29 Wt -l0°C,
61.8+3

23

60

34.2

80

60K byt

9 T:n YV base T) T,
F025067 = B +.60991 = b =,30000 + O +.12908 = 4 +, 77445 = 3 } Neminel

M.v 5,
+e10550 = 3 +.32400 = 3 =.58895 + 0 +.13498 = 3 +.31622 = 2
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M-‘“ ¥
+.1338§ -4 +,21213 = 4 +,52700 = 1 +.3659% = 5 +.37320 - 3

|

| Ma‘ ri'\

‘ +.10550 = 3 +,32400 = 3 =.58895 + 0 +.13498 - 3 +.31622 - 2
|

Min Lia
} +.13385 = 4 +,21213 = 4 +,52700 = 1 +,36594% = 5 +,37320 = 3

Mav Vbue
+.25174 = 4 +,42615 « 4 +,52700 = 1 +,11275 = b +.,49161 - 3

MinViee
. +,2U476 - B +.76991 = 4 -,58895 + O +.15750 - 4 +,86303 - 3

Mac Tb
+410550 = 3 +.32400 = 3 =.58895 + O +.13498 - 3 +.31622 - 2

Min I}
+,13385 = 4 +.21213 = B 4,52700 = 1 +.36594 = 5 +.37320 = 3

Ma: I,
+.10550 = 3 +.32400 = 3 =,58895 + 0 +.13498 = 3 +.31622 - 2

M T
+.13385 - 4 +,21213 = 4 +,52700 = 1 +.3659% = 5 +.373200- 3

- 13? - Page (&



MATRIX SIZE ¢ 7

PARAMETERS

-—
e

)

10
11
12 3
13

14

7

10

17

16 ¢

20
21
22

23

T~ O U1 oW Y

Vee
Vee
VDin
Te o,
T
35
l. 42
Tco nem
Teo nem
Toi nom
3
Vorner Vo3

: Te paey

15 =

Vb

R3
Vignor Vg
Te vawas
Vben

Te b-e

RI

0.97

ﬁhon

J.P.L NAND

Computer Run #2

NOM MIN
1 1

5.0 4,25
0.2 o
0.550 0,52C
2,35-3 2.22-3
35 1-9

35 35
1.42 1.42
heo 1-9
1-9 1-9
012 0. 05-0
2 2
0.540 0.522
2.39-3 2.3-3
3.0 2.55
100+3 97+3
0.625 0.610
2.11=3 2.00-3
0. 745 0.730
2.0-3 1.0-3
10+3 SeT+3
0.97 0.97
60 29.2

6/25/64

1.42
25-9
100-9
0.15-9

0.560
2.46-3
3.45
103+3
0.6k40
2.22-3
0. 760
2.2-3
10, 3+3
-0.97
80
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of diode inpvls 2

f3

ou¢o? 06-f
+12ed ke (0

Y base

7)
5

D)2

0. 005 0. 009
1.03 -1,03
1+6 1+6

2 -

2

1.03=-4 7.0T7=U
1.03-5 0,075

/2 J)rf/ué 6&(09+10+11827)=( 03+0l4=-05&( 06-07)
]

03+04-058( 06-07 ) =12&13+12&14&( 06-07)

‘ 2h Tgﬁ
| 25« 1.03
26+ Ra
PN
et
20,

29+ g4

30

MATRIX ELMTS
oA 1, 10
- 1, 2
P

1, 4

A1, 5
boA 1, 6

A, T

c o (02-0

-12&

'

A2, 1

A2, 201

A2, 3

A 2, 4

A2, 5

A2, 6

A2, T
'l’ c 2

A3y 1

A3y, 2

A3, 301

o1

A 3, U

A 3 5

A 3, 6

A3 T

Ib
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o~ N =~~~ 0N 0N O O O ON 0N
€ %Y W e e e v % W e

1
2

-(23+23824&06-0782
§29é( <3>J§+O3ﬁ- 058.( oézo7 -12813+12814&( 06-07)+15))

F= Fo/Fi

4

oN Nl Fw - -~ O U

-

- -~ O FWw -

-~ O\ = ow M

02-12817+128185&( 06-07)=19+208( 06-0 21-(19-208( 06~ 1
(+27&08&(7%&11 ( 7)=19+208( 7))/21-(19-208( 06-07)+15)/16

o1

-23-23824&(06-07)

o1

-(02-03)/26

o1

Toom

Pw

4)/(28&(02-03-04+05

02&.( 02-03-0li+05&06-05&0T ) /21

o1

lloll
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- C

7

02&( 02-12&17+12
+208.07+15)/1

&
6

10806-12818807~19+208.06-20807 ) /21+15&( 19-208.06
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I:n
+,39886 - 3

+.21250 -

e SOOO
-+, 0000

-+, 0000
-.0C00
+, 0000
+. 0000
+, 0000
+. 0000
+, 0000

e )-}O 31
+4 0000
‘:' . O(}()O
+4 0000

\\\\\\

+ 18 +++1

+A+++++ U EE A+

[ T T R I I

o 1k 2 S o B B B

VY base

? 000 + 0 +.,26306 -~ 3 +.39572
+.

43 - 2
Pw’o"

Pw 1" 2N

———

A VCC.

AVce

Ach.

A

a 42

A T‘Ca N

I
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4 0020
"'. OOOO

+. 0000 -+

e 1 OOO
e O:)OO
-. 1000

2125

e 0000
+.6775

+,264Y
- ¢ OO0
+-37OU
+.557C
+.2225
+o 0000
-,1112

-4 000G
-4 0000
-+ 2000
b 3009
e 1 200
+, 0000
-. 1000

-, OO00
-. 0000
+. 0000
+, 0000
++ 0000
4. D00
+. 0000

+, 000"

+ 44+

FOWOFOF 0000000 O0OO=O=4& OOF~NINON ODO~I

FH+ e+t A+ F A

+ 1

I +1 +1

l+lll+l

o
T T

NO=MNWOO

+1 o+

+ o+ +

+

i+

Cr2O~ £0 O\D

OO0OD0O000

VXD OO

b

Icc LY L)

AIOL [a¥ Ao

- N—
AV, o &(Vay)

AT& daor b

Apz

A
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8888888

FrL++£4
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FHH+F 4+
888N

8888588
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O OCOMO OO
4+ 111+ +
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Werct  Cate  Solviions fer Ry 20N

Fan Oyt
Tin V base Ie Fon Tn I-o - 142 -
”iiiifa' ) 285 + 0 8932 22 2 +.U46562 - 1
. - -+ 3520 +430932 - +.92 + +e -
LRI nE LY R -3 nemTse e e
chm Pw@ﬂ)
I‘m w:m
+e26523 = -.23430 + 0 +.15905 - 12640 + 2 +.30507 -
i.?3§3 -2 +.1g1 2 f 2 F195 -3 4 * F 3501 - 2
286 //<ii§2;5:>7\ 23722 26 2 6316
+e - N e - ot - +. “ . - 2
+.?§2ﬁ3 - % +.12311 = 2 37 3 51 + +e 03
4611 <f<7::g::::?3\ 20601 206 16221
+, - - +,29 - . 3520 2 +.16221 - 1
+.2811; z 3 +;gos%3 -2 g 3 re e rz o+
Tb max
0672 = 3 =.87850 - 1 //T—jzj\if\\ .1001 A -1
bi3osti T3 Tl3g s ] 3L - 3 wt0015 4 3 wq707
«31369 - -.49930 + 0 .36328 - 2
+ fhgeg D3 +.9gg§1 3 +e 3030
+ ko027 3 -.11050 - 1 ST T =
W / ~ —-ﬁ " _ +, 6 2(‘. - 2
+. 74625 - 2 +.98011 - 3 SRR
06 876 8 E; e
+, 2 - -. 0 -1 « 39869 - . 1001 . 07 - 1
+.g95£h . g +.2gh?3 o) +639009 - 3 + 5+ 3 +JA4TT707
6 y (T
+.31369 - -. 490 - 15080 - 10055 + 2 £,36326 -
Tigoe D3 Tiaddin T g 1% - 3 Hat0lss 330 - 2

+,52760_= é -.;5285 +

Pw 1" man

F20U51 - 3 _ 23030 4 0 415013 - 3 +e12079 + 2 +.bo7U3 - 2

N O

+.38058 - 3 +.91790 + 2 +,45517 - 1

+
o°*
i(..6.)‘.
AN ) X
:g'
3
5 ]
N
+ 1
N
\0
IO
w
U
]
w

+.90526 + 2 +,46072 - 1

+ +
V=
2\0
L)
P
==l
11
oY)
!
[
el
(@)
>
o
]
&
w
o
\J1
n
(V]
]
w



'l—/Jvl — e N W e b [

2&20 - 92 + 0 +,16061 = 3 +,11249 + 2 +,38691 - 2
25 - % + O 3\)

Y25 - M09go + 0 +,18172 = 3 +,12728 + 2 +,43776 - 2
tifs528 C 2 i16de7 - 2
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PARIMETER

Ch&n,cJ R t, 6.2 K

J
. 0.1613-3
| 0.165114- -3 ‘} C"\amacé LT '/R; o 041413 X/O-J? %ZK

b 0. 1564-3

Lin V base I F: I’F—-":n .a'l":’ Lo
+4 g -.33000 + 0 +. 44724 - 3 +.40696 + 2 +.26834 - 1
ST R LR
P (i) Pw (')

g +,64661 = 3 +.94709 + 2 +.77359 - 1

+,20463 = 3 +.13400 + 2 +,60568 -

4,036 - -.23430 + 0 2
! ?1C§ﬁ - g +.1%ug5 t
mec s
+.55269 = 3 , +.40270 - 3 +.27149 + 2 +,14993 -1
Fo2U5C6 - 2 F,TO3NE = 2
_ VY bese minm Y 6o6E 3
e T6OCO 3 - 0: +.50294 - 4436260 + 2 +,2 -1
® flSss 13 nRmle o3 v &
6 %2 o7 - 4 8
& - -.67050 - - 3y +.102 «79183 - 1
1206 - 3 1T ) +i66R0T - 30 110K 4 3 170053

£, 11657 + 2 +.65008 - 2

52450 - -.49930 + 0
HPEAi I S £

6 €6 Fa"" g

1 - -.11050 = 1 207 - 2+ 25 +.79183 - 1
P71>-§ -:-.uo%?;e-g +e 7 3&937 2 +e 79103



:i::?é‘%éé L CE

82206 - 8 o 66207 -
i 4176 - g *e T-3
+ 2& +,27023 - 3

eI

+,63807 - 3

BB P i oY 2
P;:I man

+ <1131 =3 e SRy 26 !
ST = 2

i 127971 - 3

+Zéj§¢o -3 + 1&102 - 27

Pwl min

+.27023 - 3 &

406 + 2) +.65008 - 2

L0 ma,

+,10247 + 3 +.79183 - 1
+, 11657 + 2 +.65698 N 2

+.94439 + 2 +,76314 - 1

+.13591 + 2 ,+.70803 -2

—/,\ .l

J ) ’,‘-,r . ] .
STe 1 1 UESN f ») . (D =

+,11CUT + 2 +,67260 - 2
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Transistor and Diode Bias Points for Final Computer Run
+15% Power Supply

From Computer Run #2 T. C. Dy VDyn (From Fairchild curvesd

Iin = 659,4a Yom, 2.41 x 1073 0.530
= 868 ya Max., 2.60 x 1073 0.593
= 480 4a Min. 2.25 x 1073 0.485

From Computer Run #2 T. C. D4 Vp, = Vpg (From Fairchild

- curves)

Ipy = 447 ya Vom, 2.25 x 10-=3 0.605
= 662 ya Max. 2.5 x 1073 0.660
= 270 g¢a Min. 2.0 x 1073 0.550

From Computer Run #3 T. C. Vhe Vhe (From spec sheet and
part data)
Iy, = 447 xa Nom, 1.4 x 10-3 0.68
= 662 ya Max. 1.7 x 1073 0.78
= 270 ua Mia. 1.0 x 10-3 0.63
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MATRIX SIZE : 7

PARAMETERS

—

o VW 00 ~N O F w
e .. oo oo oo

Yce
Ve
Voin
Teo,
T
35
1,42
Leon
Leon
Toun
2
Vou: Vosn
Teo, * Teng
Vi
Rz
Vouz Vogn
Teo:Teps
Vben
Teoe
R,
0.97

J.P.L. NAND

Computer Run #3

NOM MIN
1 1

5 4,25
.2 .1
.530 1485
2.11-3 2.25=3
35 1-9

35 35
1.42 1.42
-9 1-9
7-9 1-9
6-9 2-9

2 2

525 1480
2.39-3 2.3-3
3 2.55
100+3 96+3
.605 <55
2.25-3 2-3
.68 .63
1.4-3 1-3
6.2+3 5095+3
.97 .97

7/14/64
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MAX

-1
5715
.25
«593
2.6-3
90
-35
1.%2
25-9
100-9
8-9
-2
570
2.62-3
3.45
104+3
.66
2.5-3

1.7"3
6. 45+3
"097



23
2k

25
26

27

28 :

29
30

t An 55

t o Ten .007
t 1,03 1.03
: R 1+8
1 input diodes 2

g, =~
t 9, 1-5

MATRIX ELMTS

o > > > > P> P> >

O > > > > > > » O P> P> > > P» > >

n —y
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~N N W N N 0N Ul W N

s
-
-~ NN W N

1, 10

SRRl

)
-
g

o1

29.2 80

0005 .009 - 148 -
1.03 -1.03
1+8 1+8
2 9

in error
A=t }c:rrukv‘

later,

1,04-5 .96-5

)/21+06&o6&(09+1m11&27) ( 03+0k-058( 06-07)
+15)/16

03+0Y4-05&( 06-07 ) -12&1 3+12&1 4&( 06-07)

W)
-
—

o1

(02-12817+128188( 06-07 V=102 ( 06=07)1/21=( 10200 ( OA=-OTV+1R) /16427
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TN N N N N~ N 0N 0NN N ON 0N ON ONWU
W %W Y 8 2w e % W e e

7

808806411

1 - 149 -
2
N o el s o o S S e e T s e oot
4 o1
5
6
7
1
2
3 -23-23824&( 06-07)
n
5 01
é
7
-(02-03)/26
1
2 -15/16
3
4
5
6 o1
7

028&( 02-03-0l+058.06-058.07)/21+15&15/16

Nl = w M

7 01
02&( 02=-128&17+12818806. 12&18407-10+20806-20807) /21 +18&( 10-208 06



+208.07+15)/16+02&( 02-03)/26
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Fan Ou* s
base I Forn Tn Io

N Nomina
-.32000 + 0 +. 46541 - 63780 + 2 +.2 -1 Ao
+.§6187: O +.H6SH1 - 3 +.637 5597 = 1} s,1.4

Fw'o
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++F++ 1+
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|
| 7/29/6 4
! PARAMETER IS 7, 0

ower SU Pr)ly
28 ,
Corvrce tn
L .1813-3 . °;“.l“\
.1681-3 parameter Jist
b.1550-3
T V bas e Tt lf:}"_ "A“: Too-
Pw Pwro . o
| 66305 - 3 =.32000 + O +,46541 - 3 +.38603 + 2 +.25597 - 1 Nom:na l
» 1.35333 -2 +.36187 -2 ° 3 S Solvtions
i e
(+.89670 -,%, -.40980 + 0 +.65346 - 3 +,94460 + 2 +. 78154 - 1
{“%8%T“:" +.39631 - 2
]
I-v\ “-on
(+. 48278 - 3 -.19925 + O +,30416 - 3 +.13939 + 2 +.73271 - 2
P gy e
Voo e jong,
+.56748 - 3 (3.12250 = 1) +.41986 - 3 +.27537 + 2 +.15631 - 1
+.25900 - 2 +. -2
Véﬁii 4 5 +.488 228 + 2 +.26758 - 1
. 2 = 3 (= 0+ 0 +.,45029 - +¢35 + +. -
g i e e M
' -TE Mmoo ox,
.85086 - -.15180 + O (+.69932 - 3 +.,10656 + 3 +.83638 - 1
1-23391 -2 +.h2228 t 2 K\\—ggéﬁ_w 3

TEomoae
.52483 - -.Us72 O (+.26177 - 3 +.11030 + 2 +,63061 - 2
i.2h7og - g +.1g%hg M L2007 -3

f‘ M sy
81264 - A7450 - 1 +.68197 - 3 (+.10034 + 3 +,81564 - 1
+.h 3 i MZ882 -2 * -3 & =/
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-.62500 + 0 +,27115 - W12233 + 65319 - 2
+.13309t2 +.27115 BWY: 5319

r20e

15 R B B A
VER 2 R T
é%é?%%gi;}g +:§g%gg + 0 +.6l4149 - 3
Bec 2 N B

120 .
Igfggg 2 .?01’18@ + % +.68739 - 3
Pw' 0 mar

S CD G

Pw 0" mir.

Fan out

A " M

rt'n en

D

To" max

+.10656 + 3 <i£§§f§8‘l”7f7

VA N,

+.11030 + 2 QtLS3OCf J\“}

+.93907 + 2

+, 11187 + 2

+.10264 + 3

+.11901 + 2
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+,76722 - 1
+,76169 - 2
+.82212 - 1
+.65969 - 2



i

N

PARAMETER

28

.1613-3

..081-3 2 /24 /k 4
-1550 3

% 5 f" po wer 5.
5
475
5.25
15
3

Ton Y vese ITb Famn evt T

b\ Fam v

5305 - 3 -.32000 + O +. 46541 - 3 +,38603 + 2 +.25597 - 1 S Nomna
13%235 - % +.26187 - 2 > -

w.o L

+.8; :“\ 40080 + 0 +.56654 - 3 +.90708 + 2 +.67758 - 1
+-’13%;2‘ -‘3 71-2 - 156 -



33008

+ +
L] L ]
=
ok

A\

LOn
[ |

L7630k -
+ifodde -

60548 -
.30976 -

FF

+, 00203

1330

- 157 -

;3\ -.19922 + 0 +.30480 - 3 +.15126 + 2 +.92698 - 2
+.2150 2
Viue wmax
g +.12250 = 1 +,50077 = 3 +,28746 + 2 +.18644 - 1
+e 265?5 -2
\/ (AR A S
:,'06 A a oh] 6 - . 2 022668 - 1
J BT s s e
Ib _max
-.15180 + 0 (+.61240 - ) +.10396 .73243 - 1
g +.32386 ! 2 & 237 410396 + 3 +.73243
THE min _
3 -.45725 + 0 +.34242 - 3 +.12519 + 2 +,82485 - 2
2 +.19530 -
F,, max \
A47450 - 1 +,60083 - &20 71859 - 1
g :.3Z5;7 o) + 3= 3 F.90209 + 2° +.71859
Eanael g
3 -.62500 + 0 +.34554 - 3 +.13684 + 2 +,8632M - 2
2 +.19317 -
To may
g ;.ggggg ¥ g +.61240 - 3 +.,10396 + 3 (+. 732&3_::£)
I“0" min -
g 25 + 0 +.34242 - 3 +,12519 + 2 +,62488 - 2
+ 19 30 -2
g\ -.229G0 + 0 +,56050 - 3 +.90311 + 2 +.67046 - 1
+. 3:_307 -2
"§~ 2¥ 25 + 0 +,39002 = 3 +.15239 + 2 +.S41ko - 2
200 - 2
g 0.+ 0 +.,6064C - 3 +,99865 + 2 +,7253% - 1
LR
Pw’o may
+.34848 - 3 +.13215 + 2 +,8394e - 2



VDSn
T.C.5

Then

COMPUTER RUN #4

Part Assumptions and Their Temperature Dependence

operating points used for the first run were first approximations.

Forward voltage diode D; @25°C at an

If of 2 ma from Fairchild curves.

Nom. Min. Max.
= 0.30 v 0.27 v 0.33 v
= 3.25 x 10~3v/°C 3.1 x 10"3v/°C 3.45 x 1073v/oC

for computer equation Vp; = VD1n -T. Cy (T - 35).

Forward voltage D, @ 25°C at an Ig of 0.3 ma.

Nom. Min. Max.
= 0.51 v 0.48 v 0.55 v From
-3 Fairchild
= 2.5 x 10~3v/°C 2.4 x 10-3v/°C 2.6 x 1072 /%Ccurves

b = T Cug (T - 35).

Forward voltage diode D5 @ 25°C at an If .1 ma.

for the computer equation VD2 = Vp

(For the final computer run, the value for Vpc, will be chosen

at closer to 0.25 ma rather than the original 1 ma value).

Nom. Min. Max.
= 0.57 v 0.54 v 0.61 v From
Fairchild
= 2.3 x 10-3v/oC 2.2 x 10"3v/°cC 2.4 x 1073v/°C curves

for the computer equation, Vp. = Vpg, - T. C.g (T - 35).

5n
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D, Vp.1, = Forward base to emitter voltage Q) @ 25°C and Ip =~ 0.6 ma,

Ic 2= 5 ma.

Nom, Min, Max.,
Vbeln = 0,745 v - 0.730 v 0.760 v From a few
measured units
T.C.pe; = 2.0 x 1073v/°C 1.8 x 10~3v/°C 2.2 x 1073v/ocC
‘ Estimated

Then for the computer equation, Vhel = Vpeln - T. C.bey (T - 35).

E. Vpey, = Forward base to emitter voltage Q; @ 25°C and I 2= 0.3 ma,

I, = 0.6 ma.
Nom, Min. Max.
Ybeoy = 0.74 v 0.72 v 0.76 v zzztzeasured
T.C.pep, = 2 x 1073v/OC 1.8 x 10~3v/oC 2.2 x 1073v/0C
Estimated

F. Vpe3n = Forward base to emitter voltage Q3 @ 25°C and I, =~ 2 ma,

I. = 30 ua. (non-saturated)

Nom, Min. Max,
Vbe3y = 0.54 v 0.50 v 0.58 v Few units
measured
T.Copey = 2.0 x 1073v/°C 1.8 x 10-3/°C 2.2 x 1073v/°C
Estimated
Computer equation Vpe3 = Vphes, = T+ Cipeq (T - 35).

G. I, - See Nand (1.42T) I.on

H. I., - See Nand (1.42T) Ig4p

I. Ipp, - See Nand (1.42T) Ip,
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J. /61n - Beta of Q) @ 25°C and I, 2= 5 ma

Nom. Min. Max,
/31n = 55 29.2 120 From Specs.
KTy = 0.07 .005 .009 From Data

Sheet 2N914,
For computer then, /3 -4 + KT, (T - 35) .
1 In 1 1n

K. Z?3n = Beta of Q3 @ 25°C and I, 2<-30 ua

' Nom. Min. Max.

%g3n = 15 5.5 35 From data sheet
2N914
KT; = .0083 .0063 .0103
All diodes - FD643.

All transistors - 2N914.
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TRIX SIZE : 13

PARAMETERS

1

o)

10

o 4 O U1 &= w M
. (1]

Y|

1

11

12

13

: VCC;
V\oem

Ty

14

15
16

17
18
19
20
21 ¢

22

\~j .
24 ¢
25 2
26 :

+ T-C bi-2-3
* Vee 2w
: Vyean
Vbeam
Bian
<Y3
Tecow
C

: TopLu
Teow
Ra
Rs

Rq

500K.C. Flip-Flop - Computer Run
R} Fixed - Equations July 1, 1964

+15% Power Supply 3% Resistors
Before R]13 and Rj4 were added

NOM

3.25-3

.3

35
2.5-3

55
. 007
57
2.3-3
203"3

1,42
5¢5=9
7-9
39+3
4,7+3
12,043

MIN

?-1-?
1-9
.27

35
2.4-3

29.2

. 005

2,2-2
2.2=3

.73

1.8-3
.08

.50
5¢5

. 0063
.01-9
1,42
.01-9
.01=9
37.6+3
4, 55+3
11.6+3

7/8/64 /
- 161 =~

Computer Run #4

MAX

2.4-3
3
(S

2.2-3
.2

.76
<58

35
.0103
25=9
1.42
8-9
100-9
40,243
4,85+3
12,4443



27+ Ra
28 :+ Rn
29 1 ﬁ?.
REE TN -7
31 Ry,
32t Vee
33: Wy
3k .

MATRIX ELMTS
A1, 10

> > > >
- s
- -
GO N oW Fw n

—t
-
A50)

1, 10
1, 11
1, 12
1, 13

1 (32-13+14(03-05)=15)/29

Y » > » »r P» P O > > > »» >
§l\) n
- .
O NV OO C ON U &= w h =

> > >
n

- -

-—

01

100+3
100+3
12+3

6.2+3

97+3
97+3
11,604+3
1

6.0+3
4,25

2.55
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12.4+3

1

6. 4+3
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= &=
v e e v

-

- 11

12
13

o VT & w h -

—

WWW (Fyping evvov)

( 32+06&( 03=05)=0T+1 4&.( 03-05)~13-16+14&03-14&05) /29

o1

(32-12)/24

o1
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12, 1 =32 7/8
12, 2 =32
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12, 4 -32

12,

12,

5

6
12, 7
12, 8
12, 9
12, 10
12, 11

-33/27

12, 12 o1

—

13,
13,
13,
13,
13,
13,
13,
13, &
13, 9
13, 10
13, 11
13, 12

-~ O F o D

32821&03820+32821&03822+( 32&32- 3281 2- 0li&. 32+328.028.03- 32802805 ) /31 +( 33&:33)
/27+(13833-14&338( 03-05)+33&33)/27

13, 13 27

13

( 33+13-142.03+14&05+15-04+02803=02&05-17+1 4803~ 14805-2140382 R27-21803
&20827)/( 18+16819&03-18&19&05+01)
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+.30404 - 3 +.22766 - 3 +.10979 - +.23121 -3
+,21942 - 3 +.hz hz - 3 +,12520 + 1 +.15668 + 1+, 70500 -
+.17956 = 1 +.66976 - 2 +.19670 -
- 176 -
| 434790 - +.36125 = 3 +,1 - 3 +,20785 - -.18460 -
v, mg = % +.??77? - 3 +.1§ggg + 13 +.2§)Z9? + ? +.89750 - ¥
e, 0 +.11950 = 1 +,10039 - §
. 2602l - 15007 - +.10 - .21876 - .12873 -
Too, & : 1.228% D3 RBE Y RR T LR
MW TF,T0296 = 2 +.561266 - 2 +,12073 - 5
' + 4347 = 3 436125 = 3 +.13557 - 3 +.2'¢~ZL,5 -3 = -6
+4 35280 - 3 +.12000 + 1 +,21691 + 1 +,89750 = 1
+,13552 + o,ll_. =1 +.17292
blm&K
. 26024 - 15607 - +.10979 - 21676 - 66859 -
1.1293 - % b +.16ﬁZ% + ? I.171Zu + ? 1.8152% 27
+. 76296 - 2 [+, =2 +.68059 - 5
b|ws‘\w
« 36006 - .27702 - o1 - .27507 - L4031 -
W ii.;Z%g D3 Erdnbad LeRe 11 oo o1
+. 47885 - 1 +,10868 - 1 /+,THO31 - 5
2 ma X,
+,30404 = 3 +.22766 - 3 +.1007G = 3 +.23102 - 3 +,33840 - 5
+,20250 = 3 +,47045 - 3 (T, T2020 + D +.15701 + T +,21050 + O
FATITH - 1 4067335 - 2 433953 - 5
Vzmv‘n,
« 36000 - 27702 = o1 - ge12_ - 14031 -
1. 3261 - 3 1?5367 - 3 113 Eg + ? v t.7o7%o - ?
+ 47871 - T +,10969 - T +.14031 - 5 .
+.30404 = 3 +.22766 = 3 +.10979 = 3 +.,21937 = 3 +.23625 - 5
+.20361 - 3 +.47250 - 3 +.1zgzo + 1 (FT51H0F D +.21050 +
+.17262 - 1 +.66904 - 2 +.33053 - 5 Vo -
+.39605 - 3 +.32782 - +o1 - +,20785 - -.64253 - 6
+.11858 + 0 +.11711 = 1 +.37987 - 6 Vivrex
.29012 - .16127 - o1 -3 +.,21076 - 3 +.456585 -
1.12170 - % :.lnzgg - % 11%)923 + 1 +.17(1)gh +1 C—.'afob‘“ﬁiovr
+.96155 = 2 +.61762 = 2 +.U45655 - 5 V. vnin
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Io VV\\\A,
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.?Ma.&
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e 1'%(2-3.. 3 01 +.16)-l' O+ 1

+.030500 - 2 +. 45750 = 5
+.38000 = 3 +.27702 = 3 +.13557 - 3
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TRANSISTOR AND DIODE BIAS POINTS FOR FINAL COMPUTER RUNS

500 K.C., #+157% POWER SUPPLY

All transistors 2N914

(Current Values from Computer

All diodes FD 643

Run #4) T.C.p* Vpo* Tolerance Vp2n
Ipp =  0.22ma Nom. 2.5mv/°C 0.505v
= 0.35ma Max. 2.3mv/°C 0.555v +25mv = 0.580v
= 0.12ma Min. 2.8mv/°C 0.445v -25mv =  0.420v
(Current Values from-Computer o
Run i#4) T.C.g* Vp5n* Tolerance VD5n
I, = .25ma Nom. 2. 5mv/°C 0.510v ”
= .32ma Max. 2.3mv/°C 0.552v +25mv =  0.577v
= .19ma Min. 2.8mv/°C 0.465v -25mv =  0.440v
(Currents Calculated)
(Not Computer) T.C.q* Vp7 n* Tolerance VD7n
Iy =  0.645ma Mon. 2.3mv/°C 0.560v
=  0.83ma Max. 2.2mv/°C 0.595v +25mv =  0.620
=  0.5lma Min. 2.5mv/°C 0.508 -25mv =  .483v
Vcel Vcel \Y Vcel
o)
I, Ip; @25°c @80 ¢  @10°C  Nom. 0.2
Min. 0.1
6ma .53ma nom, 0.18 Max. 0.3
TR#7 @.37ma
10ma . 34ma max. 0.26v 0.21v 0.30v Note: Currents
from Computer
Run #4
TR#10
# Vce from plots
1ma .75ma min., 0.11v 0.1llv 0.10v Vee vs Ip,

*From Fairchild Curves for FD363 Diode

Appendix D



TRANSISTOR AND DIODE BIAS POINTS FOR FINAL

-~continued~

Icq Ib; Vbe1

@25°c
(Nom #2)

6ma 0.53ma 0.76v
(Min #6)

1ma 0.34ma 0.68v
(Max #2)

10ma 0.75ma 0.78v

Note:

Ib1 from Computer Run

T.C.be; = Nom 1.5mv/°C

Min.1l.0mv/°C
Max 2.0mv/°C

Extrapolated from

I '  Vee2
QC2 @?ggé @8ooc
0.43 0.16v 0.18v
0.26 0.10v 0.12v

Note: Igp from Computer Run

Ic2 Ipo Vbe 2
@25°C
(Max TR#2)
0.43ma 0.35ma
(Min TR#6)
0.26ma 0.12ma 0.66v
(Nom TR#6)
0.34ma 0.22ma 0.69v
T.C.peg = Min = 1.0mv/°C
Max = 2.5mv/°C
Nom = 2.0mv/°C

Vbe1
@80°C @-10°C

0.585v 0.75v
0.68v 0.815v
4
Vbeln =
Vce Versus. Iy, Plots,
Vce I
@%1ogc b2
0.14v 0.12v
0.09v 0.35v
#4, Il Az IC2
Vbe2 Vbeg
@0°cC -10%¢c
0.57v 0.745v
0.54v 0.71v
0.55v 0.72v

- 179 -

COMPUTER RUNS

T.Cobel T.C.bel
(+25° to  (425° to
+80°) -10°)
1.8mv/°C  2.0mv/°cC
1.8mv/°C l.Omv/OC
Nom .75v Added
Min .65v 30mv to
Max .8lv  25°C data
-Appendix D
Nom Vcez = 0.14V
Min Vce2 = 0,.08v
Max Vece2 = 0.20v
T°C'be2 T‘C'be
(25° to (25° to
+80°) -100)
(Note: Icq from)
(Computer Run #4)
(  1Icy)
2.2mv/°C  1.2mv/°C
2.5mv/°C 0.9mv/°C
Vpey = Min 0.65v
T Max 0.75v
Nom 0.67v



Determination of Vbes,

Va
Maximum Vbe3n
-I'c3 = SI_—@ = 3.75v. = 3% a.
where Vks = Max., Fwd. OFF bias, base Q4 + Vp
= +0.3v. + 3.45v. = 3.75v.
Vbey @ 304 a. and 25°C = 0.596v. (Fr. Table I)
Also from Table I, AVbey = 17 mv. = 0.85 mv./ M a.
A1c3 20 4 a.
2 1.0 mv./ . a.
Then for Ic3 = 394 a.,
Vbeg = 0.596v. + 1.0 mv./«xa. x 9L a.
= 0.605 mv.
Minimum Vpej
I = V = 2.35v. = 22.6a a.
c3 R8 L2 2IVe
where YBS = Max. Rev. OFF bias, base Q4 + Vy

= -0,2v. + 2.55v. = 2.35v.

Yh§3 @ 20 .aa. and 25°C = 0.570v. (FR. Table I)

0.570v. + 1 mv/ 4 _a. X 2.6 4 a
0.573v.

VE§3 @ 22.6 4.

Nominal Vbe3

0.605 - 0.573 + 0.573 = 0.589v.
2 - 180 -




TR
# 2

i+t 6
# 7
#10

# 2
# 6
# 7
#10

Determination of T°C°be3

From Table I @I, =

Vbej
@ 25°c.

0.592v,
0.581v.
0.596v.
0.584v,

@ 25°C
0.592v.
0.581v.

0.596v.
0.584v.

Therefore, T“C°be3 is

Nominal
Minimum

Maximum

Vbe3
@ "10000

0.653v,
0.646v.,
0.653v.
0.642v.

@ +80°C
0.460v.
0.450v.

0.460v.
0.448v,

2.0 mv./°C.

1.6 mv./°C.

2.5 mv,/°C.
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0 ux a.

Tqube3
(Calculated)

1.74mv./°C
1.86mv./°C
1.63mv./°C

1.66mv./°C

2.4mv,/°C
2.39mv./°C
2.47mv./°C

2.47mv./°C



@ 25°C. and I.
TR# 2
hFE 18.7

@ 800C. and I,

TR 2
hpg 50
@-10°C. and I

TR# 2

hpg  12.5

Determination of hpg, (Q3)

From Appendix D, Table I

= 304 a.
6 7
20 9.4
= 30 a.
6 7
60 25
= 30 v a.
6 7
14.3 6.0

Therefore, hFE3n or f3 3n is,

20

6.0

60 =

Nominal

Minimum

Maximum

10

50

10

100

10

27.3

The change in hgg from +25 C to -10 C is,

for transistor #2, (1 - 12) x 100

1.05%/°c.

19 5
#6, (1 - 14.3) x 100 = 0.86%/°C.
20 35
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#7, (1 - 6 ) x 100 = 1.03%/°C.
9.4 35
#10, (1 - 27.3) x 100 = 1.3%/°cC.
50 35
KT3 is then, 0.01 Nominal
0.007 Minimum
0.02 Maximum

Note: Absolute maximum hFE @ 800C is then 126

Absolute minimum hFE @ -10°C is then 2

Ip; is maximum when hFE3 is minimum, IDL4 = 0 and Vbe3

Determination of VDlg

Therefore, f}l = f:3 + fﬁs

\Y = 0.435
D1,

hFE3
= 30ua t7ma = 22mMa.
2
(Fr. Fairchild FD643 curves Q@ 259C.)

is maximum.

Ip; is minimum when hFE3 is maximum, IDL4 is maximum and Vbe3 is

minimum.

- 183 -
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Therefore, IFl] = IRg - I assuming h 100
it -8 DL4 FE4

= 4,7:.v a. - 1.-.va. IDLL|. = 0.4 a. @ 80°C
' Fairchild curves

3.7 +ca. = 4 a

Vp1 0.333v. - 25mv. Tol. (Diode #3 fr. meas. Table IV)
n

—

0.308v.

Determination of T.C.,

From Table IV worst unit, ie. #3

T.C. = 0.159v. = 3.2 mv./OC
550C
From Fairchild curves T.C.; = 2.8 mv./9C

Determination of IRjy

Nominal I \Y, = 0.59v. = 5.9« a.
R be — .
14 3n 100K ohm
R14
Minimum %Bl& = YE?3 = géziy.h = 4.2 m a.
— ohm
R14
Maximum f£14 VBeB = gég? - = 7.2 a.
ohm
R14

Note: 6393 @ -10°C



Computer Run #5

JPL Flip-Flop - 500K.C.
R;3 and Ry, added

+15% Power Supplies
+ 4% Resistors
Matrix Size: 13 Transistor and Diode
parameters as measured
and bias points from
first Computer Run

Parameter Nom, Min. Max.

1: 01 1 1 -1

2 : T.C.y 3-3 2,8-3 =-3.2-3
3: TO 35 1-9 90

4: VDin .37 .308 <435

5 : 35 35 35 -35

6 : T.C. 2 2,55-3 2.35-3 -2.76=-3
7 : VDZn .505 445 .605

8 : BFE,, 55 ' 29.2 120

9 : KT, .007 .005 -.009
10 VD5n .510 A .577
11 T.C. 5 2.5-3 2.3-3 -2.8-3
12 : Veep .2 .1 .3
13 : Vbein .75 .65 .81
14 : T.C. be 1,2,3 2-3 1-3 2.5-3
15 Veeon .14 .08 .2
16 : Vb62n .67 .65 .7
17 Vbe3n .589 .573 .605
18 : hFE3n 20 6 : 60
19 : KTj3 .01 0.007 -.02
20 : Icon 4-9 .01-9 25-9
21 : C 1.42 1.42 1.42
22 : IpLn 5.5-9 .01-9 8-9
23 Taon 7-9 .01=9 100-9
24 Rq 39 +3 37.4+43 ' 40,.5+3
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25 :
26 :
27 :
28 :
29 :
30 :
31 :
32 :
33 :
34
35 :
36 :
37 :
38 :

MATRIX ELMTS
548/ 3).5s

-1, 101

4,7+3
12+3
100+3
100+3
12+3
.56
6.2+3

2.3-3
100+3
100+3
5.9-6
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4.5+3
11.5+3
96+3
96+3
11.6+3
.508
5.95+3
4.25
2.55
2.2-3
96+3
96+3
4.2-6

4.943
12.5+3
104+3
104+3
12.5+3
.595
6.45+3
5.75
3.45
2.5-3
104+3
104+3
7.2-6



1
12
13

o N4 ONWU & W0y =

1
12
13

0O~ o= -

(32-13+148( 03=05)=15)/29

o1

( 32+06&( 03-05)=0T+1 4&( 03=05)=13~16+14403-14205)/29

o1
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= = FFF
« ® e e e

-

-F'-F“;Fr-l:‘-l:'

10

1"
12
13
(32-12)/24

-

o1

o N o F o m

11
12
1R

(32-10+11803-11805-12+22821803%25)/(25+26)

—t

01

o N4 O o N

1?2 -O1
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Ts
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-—bd e

-
N

1R

-—b

£ oM

-22&21&03+( 17-14&03+14&05) /36

-01

01

18+18819&( 03-05)-( 16-114&03+148.05) /35

22&21&0%
o1

-01
o1
-01

( 33-14&( 03-05)+13)/28-( 16-14&03+14&05)/35
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1
12
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o1

13=148( 03-05)+16-14&( 03-05)

01

-25821803822-11&( 03-05)+10+12
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t 10
13-14&(03

16, 10 O1 3 10-1-(y

10,
10,
10,

1",
1,
11,
11,
1,
1,
11,
11,
11,
11,
1,
1,
11,
1

12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12

1
12
13

1

0o N4 ON N = o0 N

9
10

1
12
13

1
2
3
4
5
6
7
8

9
10

11
12
13
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13-13
-05)+15-04+028( 03-05)~1T7+1144( 03-05)

01
01

~08-08809&( 03-05)

o1

21&03%22

-33/27
01

2282180R20+32821403%22+( 32&32- 3281 2- 308 32+ 32& & 03~ 328 3U&05) /31+( 33



13,
13,
13,
13,
13,
13,
13,
13,
13,
13,
13,
13,
13,
13

&33)/27+(13433-14&334( 03-05)+33%33)/27 9 ,0-7-LY

O WV OO~ NI F oo N =

L
—-—

12
13 27

( 33+13-14&03+14&.05+] 5= 04+028.03=028.05=1

&20827-27&37)/(18+1

19&03-18&19&05+01
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Temax
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- 3D +.13057

+.uzg16 - q (1 26683
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+.12386

+ o +.11765 -1
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rio% - 6

Te .
+.26180 - 3 +.11096 - 3
+.13266 = 3 +.3¥/H51 = +.1685o + 1
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10948 - | S°\ T

+’ 211000 -1 u\)S gww\:wwwx.
+.43699 - ?
=-.25000 =
+.11240 - }
«.96000 - 1
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$.30387 = 3 +.6662% - 3 4113350 + 1 +.190B8 + 1 +.1%500 + O Ve D104y
+.11027 + 0 +.11653 = 1 +.12017 - 6
T in - 200 -
+.30043 - 3 +,20222 - 3 ? +,2093% - 3 +.10353 - 4
+.18654 - 3 +.45006 - 3 +.13700 + 1 +.18385 +1 -.25220 + 0
+.96191 = 2 +.59739 - 2 +.40196 - 5
4 e
+.39020 = 3 +.32B02 = 3 +.13051 - 2 (#,32594 - +.35930 =
+.q?187 - 3 +.66624 - 3 +.12%50 + 1 C;%éoo 1 +.12%oo + 3
+.11027 + 0 +.11692 = 1 +.12017 - 6
t'ivw:v\
+.30043 = 3 +.20222 = 3 +.10561 = 3 (F.19670 = 3D +.1035% - 4
+.18654 - 3 +,45006 - 2 +.1g?oo + 1 +.17913 +"§) -.25 go +0
+.96197 = 2 +.59715 - 2 +.140196 - 5
-rirtrS<w
+.37220 = R +. 26%66 -3 +.13457 - 3 +.28290 = 3CG.136T4 = 4D
+.2Uk7 -« 3 +.56876 - } +.16850 + 1 +.22137 + 1 =.80000 - 2
+.51112 = 1 10621 -1 +.64600 - 5
Tewn
+.30819 - 3 +.2q752 -3 +.11096 - 3 +.23219 = q +4 1 -5
+.2‘%829 - 3 +.21 -3 +.11§%O+1 +.15798 + L ’?? 0
+.2052% - 1 6202 - 2 +.27414 - 8
T‘“Z oo N )4
750 = 3 +.36683 = 3 +,13U57 - 3 +.29612 - 3 +.42612 -
<F’22 0= 3 +.77710 = 3 +.119go + 1 +.2%hé5 +1 =.14500 + g
S T2 + 0 +.11712 = 1 -.4854h - 8
ity 4966 6 6
+,25220 = 3 +.1 -3 +.11 -2 +.21 - 3 +.76799 -
K’i%’r‘—‘Dh?z%% 3 +.16§%0 + 1 +.17¥lh + 1 +.2h0(9)g - ?
+.68823 = 2 +.59328 - 2 +.79969 - 6
Tb\MnA(
+.hq720 -3 +.36683 = 3 +.13U57 = 3 +.29612 = 3 +.3983% - 5
+.36762 - 3 C_aj TU“‘ +.11900 + 1 +.20485 + 1 =.11300 + O
+.12872 + 0 F,11713 - +.25019 - 7
et 6 800k
+.25220 = 3 +.1 -3 +.11 - 3 +.21704 = } +.00 -5
+.11880 - 3 (5;55%28 - 3 +.16850 + 1 +.17h§g +1 - 8000% -2
+.68423 = 2 E,59317T = 2 +.79135 - 6
\sz“
+.37220 = 3 +.26 66 - 7 =3 +.28290 = 3 +.72755 - 5
+.24560 = 3+, 7 30 - gg 0F D +.22137 + 1 =.13500 + O
H51795 - 1 ¥i7bsgs - T-

220810 = 2 +.297852 = 2 +.11006 « 2 +.22101 ~ . +.TR796 - &



re v y

+.71720 - 3 +.491%5 - 3 -;-:"g:!OO T +.15831 + 1
+.19;2h 1 +.6 122 - 2% 0-5 543
Vzvv:ws
+437220 = 3 +.26966 = 3 gh 57 = 3 0015 = 3
+.24560 = 3 +.57630 - 3 +.168%0 + 1 (T, 22982 +
+,51778 = 1 +.10695 = 1 6 687 - 6
T war
+.30819 = 3 ﬁw 2 =3 +.,11096 - 3 +|2I1Ii 4 - i
+,21822 - 3 92 - 3 +.11900 + 1 +,15183 F D
+.19621 = 1 35 -2 +.21gso -5
\mw_\
+.284 - +.11096 = 3 +,23191 =
+.2007 % Eﬁ ? % +.1go%o+‘? +.1§8_%1 + ;
+.17805 - 1 665 = 2 +,24682 - 5
22%0 - 3 +,28246 - 3 +.,13457 = 3 +.28290 - 3
102 - 3 +.61573 - 3 +.122 0+ 1 +,22137 + 1
+ 55367 = 1 +,10783 = 1 +.50957 - 6
+.43750 - «36683 = 3 +.13457 = 3 +.29612 -
273 3 :-.;7713 - % +.1?9gg + 1 +.2%)+85 + ?
(F“;Eg'(?ﬁ +.11713 = 1 +.25019 - 7
To LTINS
0252 1496 3 +,11096 = 3 +.21 3
+%§%& I.'%z%z - 3 +.16g"30 +1 +.17Kgg +1
[t = 2) +.59317 - 2 +.,7913% = 6
Tovw
JRIVHITSS R «38106 = 15107 = 3 +.32594 - 3
i.?6 3 - % il LY - % 1.13253 + ? +.208?6 + 1
+.12874 + oc-r%@ +413732 - 6
Poax
. 25640 - .15806 - . 1 -4 +,19670 =
09 03 LRiec 3 LA i1 witelaad
+. 76658 - 2 C+.5g1h‘"3 - 25 +.38819 - 5
Pyt
+.37220 = 3 +.26966 = 3 +.13U57 - 3 +.28290 -
+. 24420 - 3 +.?6 22 é_kaﬂ%g_tb +.221%7 + ?
+.51160 - 1 +.65281 - 5
T‘az ~may
+.30819 = 3 +.23722 - '«z +.11096 = 3 +.23191 = 3
+.2 - 1 +o1 8%1 +1
+.2ggg% - ? 26?1;3 -.53191 = >
T‘as WA\
2900l — 2 1 2292 o 2 4+.1100A - 2 421784 o 2

+.18000 - 1

+.72755 -
"0-172;502 + g

e o T

+.39834 -
-.11300 + o

8ookg -
t.8ooo% - 2

+,3302h -
+.1§000 - ?

+.10282 ~ U

1
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£218558 = 3 4745006

+.95932 D3 16

2270 -

.....

+.137oo -1 4+ 78 + 1 <.25660 + O
+.,40196 - 5
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Computer Run #6

J.P.L. Flip=Flop
Parameter +5% Power Supplies
+47% Resistors
32 500KC Resistor Values
5
4.75
5.25
33
3
2.85
3.15
I 12 I3 L4 Is
+.34250 - 3 +,25625 - 3 +.12308 - 3 +.25696 - 3 +.67054 -~ 5
Ib2 Ip1 V2 vy V1
+.23475 - 3 +.53974 = 3 +,14200 + 1 +,19164 + 1 =-.69000 - 1
I, P Iy3

+.29306 - 1 +.85161 - 2 +,10887 = 5
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Nominal

Solution



F 40151 = +.21 - 3 +,12222 = 3 +.2673 3 +.35336 -
o Fe - 3 +,10750 +1 +,19077 + 1 =,14500 + 0
1% +,11319 N o +e 71% - +,60843 - 7 '
g
(7.29640 = 3) +.21486 - 3 +.12433 - 3 +.2h 3 +.11586 - 4
F.TOU3E = 3+, 44784 = 3 +,15300 + 1 8302 + 1 +.2hgoo -1
+.94995 - 2 +,76424 - 2 +.52526 - 5
T 4,38405 - 3 +.12222 = 3 +.2673% -3 +.43392 - ?
+.31795 = 3 . Y +.11900 + 1 +,19077 + 1 =.25000 =
| +.11053 + +.96h2 -2 +.73M8 -7
|
far +.30180 - 3 6{_8’9_5@ +.12433 - 3 +.2ug -3 +.11878 - 4
+,17017 = 3 2 +,16850 + 1 +.,1885% + 1 -,96000 = 1
' +,90900 = 2 +,75464 = 2 +.U99Th - 5
ot +435020 = 3 +e 28402 - -5
jav +.27672 = 3 +.59201 = + 0
+.97977 = 1 135736 -
o +.3353 - 3 +.24532 = 3 F.10988 = D +.23659 - 3 +.10991 - b
<2 4122716 = 3 +.53002 = 3 +.13700 + 1 +,20292 + 1 =.25600 + O
+.11338 = 1 +,77103 = 2 +.46573 - §
+ +.35020 = 3 +,28402 - 3 +.12716 - 3
aot +.27672 = 3 +.59201 = 3 +,12370 + 1
‘ +.97972 = 1 +.96013 = 2 +.89484 - 7
"o +.?1+252 -3 +.24532 = 3 +.11898 - 3(F.22543 = D +. 91 - 4
(A" +.22716 = R +.53002 - 3 +.13700 + 1 +.19321 + 1 =-.25 oo + 0
+.11340 = 1 +,77005 = 2 +. 46573 = 5
+ T Y
of +e3320- 3 H22 66 - 3 +4.12222 = R +.25M17 - 3 3036 =4
' 4 ¢ +.20695 = 3 2 - 3 +.16850 + 1 +.2g729 +1 C:cf%oooo -“é)
+ 44450 - 1 +.86353 = 2 +.58223 - 5
* +,35129 - 3 +e 28062 -2 +.12433 = 3 +.2634 - 3 (%,.39918 - 5
48" +.2?8=5 -3 32 2- 3 +.11900 + 1 +.17204 + 1 ‘-.??%oo ;’3
- +.?91l»)-}0 o 227% - 3 +.12222 = 3 +.267a% -3 +.ugm -5
Ter 8512 = 3 +.11900 + 1 +.19077 + 1 =.184500 + 0O
+e T 0 +96zo-2 +.27521 = 6
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+,29220 = 3 +. 18 66 - q +.122m -3 +.2ggoz 3 +.76018 ? 7-13-Cy
e +112- +.112 +.16050 + 1 + 1 +.24000 - 3
¢ 991 = 2 +.75447 - 2 +.72156 -6
yo"
+.39440 - 3 +. - 3 +.12222 = 3 +.267% 2 +.U4263% - 5
+.az1z1 -3 &:%%FSD +.11900 + 1 +.19077 + 1 =,11300 + 0
o +.11348 + 0 +.96633 = 2 +.30508 - 6
/‘yy,\
+429220 = 3 +.,18066 ~ R +.12433 = 3 +.21l 3 +. 268
o +416184 - 3 @ﬁi = 30 +.16870 + 1 5303 +1 89
Koo +.86991 = 2 +.75837 = 2 +.71R3 - 6
033220 = 3 +.22966 = 3 +.12222 = 3 +.25M17 - 3 +,7203% - g
& +.2084 - 3 +e 0206 - 3 3 +,20729 + 1 -.13500 +
W+ 45111 -1 186133 - 2 “F.HUE - b
., +.251ﬁg o+, 28:361: -2 12332_: 3 +$§(§1q6 - 12 +.;/§8qo - ?
T4.2 ? +.87121 - 3 &, 11 + +a T+ +. 14000 -
W RIS eIl Samm s
& +.33220 - a +.22966 -3 +,12222 = 3 +.26 =3 +.72034 - §
«®  +.20841 - ggzo - 3 +.16850 + 1 (F.2 + 1 =.13500 + ©
+.45095 - 2 +.,54476 - 6
_ +.,35129 - 3 +.28063 = 3 +.12433 - %Kﬁ% +.68619 -
Y +,25851 - +.57325 = 3 +.11900 + 1 (#.16507 + 15 +.14000 -
& 22812 - 1.8} 53 - 2 +.2488% - 5
L 432716 = 3 +.26682 = 2 +,12433 = 3 +.26316 - 3 +,81662 -
& +e2l106 - 3 +.52869 = 3 +.13500 + 1 +.17237 + 1 D
AN +.2099% - 1 +.82656 - 2 +.27716 - 5
oy +'§2th -3 +.2l+2h6 - ; +.}2§23 - 12 +§gl_;;;/ - ? +.7};§% - %
€ e -? +0541 +.15 + +. + =. +
A 4148683 - 27 l? 2 +.hr7)7 5 =6 A0 £
:~ +.29lmo -3 +. 2271 - 3 +.12222 = 3 +.267% +.42634 - 5
ﬁ,“ +,32191 = 212 -3 +.11988 + 1 +.1907 -.11300 + O
(+.112§§+§> 2 +.30508 - 6
,,+.2220-=z +.18966 = 3 +.12433 = 3 +.2 -3 *o 268 -
: +,1§18h, 3 +.h1?52 - 3 .1%850 + 1 +.1§§‘%3 + 1 %ooo - 2
(5.86991 = 20 +.75437 - 2 +.71323 - 6
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| +. 40151 = 3 +.33795 = 3 +.13770

-3
| +.32930 = 3 +.6972%5 = 3 +.10250 + 1
{ +.11545 + 0 (¢:T%§T27:‘I) +.10408 = 6

+.29640 « 3 +.,19806 « 3 +,10988 - 3
{ +.18022 - 3 1.49 - 3 +.1ggoo + 1

+.92559 - 2 (F. = 2 +.44706 - 5

+.332 £} +.22 66 = 3 +.1222

+ 28062 - 3 +.12433 = 3

3
+.27782 - 3 gza 7-3 +,11900 + 1
_. +,23622 = 1 291 = 2
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+02 )-|»69 - q
+.10610 + 1

+.2254% - 3
+.19321 + 1

30689 - 1 o 3 yERE LY Rl
+ - -3 +, g 50+ 1 +, +
+. uuh9g - 1 "l"o 825 q - 2 .5 0 - 9

+. 32692
+. 14000

+.11137
-01 ?500

12211
+.24000

+ 1



PARAMETER

25

39+3

37.4+3

40.5+3

26

100+3

104+3

31
39+3

37.443
40.5+3

13/7/6Y

Computer Run #7

J.P.L. Flip~Flop
65 K.C.

+15% Power Supply
4% Resistors
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+.‘1328'§>2 + 3C+.%917v53 _:_,2?') +.137%2 -6 i
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+.226ho -3 .1 806 3 +. 97 31 - 4 +,2368 4 +,10549 - 4
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+,76368 - 2 @276‘31“— 25 +. 819 -
P
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+, 24420 - ? +.5692 g +,22072 + 1 +.,24000 - 1
+,51409 - +,56183 - +.65281 - §
Teg waX
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PARAMETER

25
39+3
37.4+3
40.5+3
26
100+3
96+3
104+3
31
39+3
37.443
40.5+3
32

5

4.75
5.25
33

RUN # 8
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APPENDIX D
TABLE I

2N914 (Q3) LOW CURRENT Vhe AND Ip MEASUREMENTS

25°C +80°C -10°C
Ic Ib Vbe Ib Vbe Ib Vbe Vee = 2v
}ua. 7ga mv 7&2;\ mv, /Ma. mv,
1.0 0.2 503 --= 344 - 579
10 0.8 566 0.2 420 1.3 632
20 1.2 582 0.4 444 1.9 644
30 1.6 592 0.6 460 2.4 653
50 2.4 603 1.0 475 3.4 665
100 3.8 621 1.9 497 5.4 582
1.0 0.3 489 === 343 0.2 563
10 0.8 551 0.2 419 1.1 619
20 1.1 570 0.4 437 1.7 638
30 1.5 581 0.5 450 2.1 646
50 2,0 595 0.8 465 3.0 659
100 3.3 614 1.6 489 4.8 676
1.0 0.2 502 --= 354 .35 568
10 1.7 570 0.5 427 2.5 624
20 2.4 585 0.85 446 4.0 644
30 3.2 596 1.2 460 5.0 653
50 4.4 606 1.9 477 6.8 667
100 7.1 624 3.4 499 10.8 684
1.0 -——— 452 === 337 0.4 561 Conclusions:
10 0.3 560 -== 410 0.6 610 1. 40.3v seems to be
20 0.4 574 0.2 438 0.9 633 quite safe as an
30 0.6 584 0.3 448 1.1 642 upper limit on the
50 0.9 597 - 0.5 465 1.5 654 forward bias of an
100 1.6 614 1.0 487 2.5 673 OFF transistor, ie.
Ic L 1'/43.
2. Vbe and hpg data
Meters Used (Q3) used in sub-
sequent computer
I. - T™™ - 0064 runs.
I, = TP - 0101
Vpe = ND - 0163
Vee = TP - 0001
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TRt

10

TR#

10

10

Ma.

10
10
10
10
10
10
10
10
10

10

10

10

10

10

Tabulation of Ip, at fixed Collector currents and at

Vee = 0.3v from data plotted on the 2N914.

+80°C

-10°cC

Iy
Ma.
0.18
0.215
.195
.100
.120
.155
. 284
.140
.160

.118

«255

.130

+370
.310

TABLE II

B1o T - Ie
Ic/Ip °c Ma.
55.5 25 6
46.5 6
51.3 6
100 6
83.4 6
69.5 6
35.2 6
71.4 6
62.5 6
84.7 6

+80°C
39.2 6
77.0 6
-10°C

27.0 6

32.3 6
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Ma.

0.11
0.13
<117
.060
.072
.096
.185
.086
.100

.070
+80°C

.160

.078
-10°cC

. 234
142

Ic/bl

54.5
46.2
51.3
100

83.5
62.4
32.5
69.8
60.0

85.8

37.5
76.9

25.6
42.2



2N914 Nonsaturated and Saturated Beta Measurements @ -10°C

TABLE III

[——

(ma)

TR# TR# TR# TR# TR# TR# TR# TR # TR # TR #

Ic Vece 1 2 3 4 6 7 8 9 10
6éma .2V | .210 .300 .260 .160 .160 .200 .320 .210  .150

Beta 28.6 20 23.1  37.5 37.5 30 18.8 28.6 40
éma .3V | .130 .180 .150 .080 .100 .140  .240 .108  .077

Beta 46 33.4 40 75 42.8 25 55.6 78
6éma 2.0V | .110 .135 .120 .060 .078 .110 .200 .110  .080

Beta 54.5 44,5 50 100 54.5 30 54,5 75
6éma 5.0V | .100 .120 .110 .050 .060 .090 .170 .090 .060

Beta 60 50 54,5 120 100 66.6  35.2 66.6 100
10ma .2V | .380 .460  .410 .220 .270 .320 .460 .360  .235
Beta 26.4 21.7 24.4 45,5 37.0 31.3 21.7 27.8  42.5
10ma .3V | .200 .260 .240 .120 .135 .200 .350 .200 .135
Beta 50 38.5 41.7 83.4 74.0 50 28.6 50 74.0
10ma 2.0V | .175 .225 .215 .090 .110 .165 .320 .170  .120
Beta 57.2  44.5 46.5 111 91.0 60.5 31.3 58.8 83.4
10ma 5.0V | .160 .200 .190 .085 .100 .150 .160 .145  ,100
Beta 62.5 50 52.6 118 100 66.6 62.5 69.0 100

NV
vV
(7 i
\_/ N



»

Diode
i

D] minimum
operating point

TABLE IV

Vg MEASUREMENTS FDS 643 DIODES

25°c¢C +80°C -10°C
Ip Vg Vg Vg
Ata mv. mv., mv, -
7/
0.1 153 20.3 265
0.5 239 63 338
1.0 275 89 364
2.0 299 138 401
4.0 340 169 426
10.0 384 223 466
0.1 157 20.3 268
0.5 233 63 346
1.0 276 89 364
2.0 299 136 399
4.0 341 173 425
10.0 387 224 468
0.1 149 20.5 268
0.5 227 64 343
1.0 264 91 365
2.0 300 134 397
4.0 333 174 426
10.0 379 224 468
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Ammeter - Keithley Instr.
IC# TP 0004
Due Date Next Cal. -
11/13/64

Voltmeter = J. Fluke
IC ND=0163
Due Date Next Cal. =~
8/22/64

Power Supply - Power Design
IC# TG 0002

Diode Data used to get
Fwd. voltage of D] and
T.C., for computer run
of Flip-Flop
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TABLE V

D.C. Bias Measurements - J.P.L. Flip-Flop

500 D.C., #1% resistors
Ri13 and R14 added

All diodes FDS-643

All transistors 2N914

Flip-Flop "o" side ON Flip-Flop "1" side ON

0 Vee Vb RL Vi1 V2, VTo Vie V21 vrp*
+ volts - volts ohms volts wvolts volts | volts volts
25°¢ 5 3 ———— -.140 1.260 1.880 -.100 1.350 1.500
5 3 500 -.060 1.435 1.920 -.030 1.435 1.600
4.25 2.55 ———— -.140 1.340 1.58 -.100 1.250 1.220
4,25 2.55 500 -.060 1.410 1.65 -.030 1.415 1.300
5.75 3.45 ———- -.140 1.360 2.00 -.110 1.36 1.620
5.75 3.45 500 -.060 1.440 2,10 -.030 1.44 1.700
5 3 ——— +.080 1.120 1,720 +.140 1.12 1.450
5 3 500 +.170 1.200 1.780 +.225 1.205 1.500
+80°cC 4,25 2.55 ———— _.080 1.110 1.500 +.140 1.110 1.300
4,25 2.55 500 _.162 1.195 1.580 +.240 1.180 1.382
5.75 3.45 ———- +.081 1.130 1.940 +.142 1.120 1.650
5.75 3.45 500 +.172 1.215 2,000 +.240 1.200 1.740
5 3 —o—- -.240 1.490 1.890 -.220 1.470 1.450
5 3 500 -.170 1.499 1.910 -.135 1.490 1.510
4,25 2,55 ———— -.220 1.460 1.650 -.205 1.460 1.305
4.25 2.55 500 -.160 1.480 1.700 -.140 1.480 1.380
-10°¢  5.75 3.45 ——— v.222 1.470 2,090 -.215 1.480 1.650
5.75 3.45 500 -.158 1.500 2.150 -.142 1.500 1.720
Power Supplies - Power Design IC# TG-0002 - IC# TG-0021
Voltmeter - RCA - Voltohmist +3% TG-0026

* Shorted diode (Dg), nullified the Vpj values measured. Considering that

Dg should have resulted in at least 0.4 volts at the highest temperature
it can be seen that for all cases tested, Vr V2 is positive, ie., the
input diodes are back biased by at least 0.2 volts.
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TABLE VI

Tabulation of 2N914 Flip-Flop Operating Voltages¥

Suggested Spec. Suggested
Data Source Parameter Operating Point @80°C Spec. Limits
From Plots Appendix D Vbe3 = 0.437v. @ I, = 20 4 a. 0.410
From Table IV VDl = 0.169v. @ 4.0 a. 0.150
0.560

'From Plots Appendix D Vce2 0.180v. @ I, O0.4ma. Iy = 0.12ma. 0.20

6ma. I

From Plots Appendix D \Y 0.3 ma. 0.69

0.89

0.650v. @ I. b

wls

Vi = 0.89v. - 0.56v. = 0.33v.

The data table I shows that at 0.33v. maximum, the collector
b current of Q4 will be less than 14 a. To increase I, of Q4 to even

204« a will take an additional 0.1 volts.

* Purpose of this table is to show the worst values for diode and
transistor voltages measured along with a suggested specification
limit on these voltages (which includes a tolerance added to the

' measured values). These specification limits will guarantee that
when either Q; or Q4, F/F are to be OFF, they will be OFF.
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TABLE VII

Measurement of Noise Immunity - Flip Flop

Temp. Vr Vo Vp-V2 \Y Noise Pulse

(Set) (Meas,) (Calc.) (ﬁeas.) tg Va. c.

‘ volts volts volts '~ volts usec. peak to peak

- -10% 1.5 1.5 0.0% -0.2 0.1 2.3
1.5 1.5 0.0 -0.2 0.2 2.6

" 1.5 1,5 0.0 -0.2 0.4 3.2
1.5 1.5 0.0 -0.2 1.0 4.75 (would

not trigger)

L 480°C 1.6%% 1,35 +0.25 +0.17 0.1 2.2

1.6 1.35 +0.,25 +0.17 0.2 2.6
R 1.6 1.35 +0.25 +0.17 0.4 3.6
{
1.6 1.35 +0.25 +0.17 1.0 4.75 (would

not tiggger)

Purpose: The computer Runs show the D,C. voltage that must be
exceeded to begin triggering the F/F. Because of the transient re-
sponse of the F/F and the attenuation due to the charging of the input

1 capacitors it will take larger noise pulses than indicated by the D.C.
values to trigger the F/F. These measurements give an indication of
the overall noise immunity of the F/F.

' * Computer Run #5, P. , worst case Vp-Vp = Ov, @ -10°C.
W %% Computer Run #5, worst case minimum value for Vp = +1.6v.
|
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TABLE VII (Cont'd.)

Test Conditions

1. Rg returned to separate power supply for independent
adjustment of Vn. So that worst case computed V-V,
could be simulated.

2. Vecec = +4.25v. Condition for which VT is minimum value
set in test. Also Ipy = min.,. therefore current that
must be pulled through D3 to trigger F/F is minimum.

3. Qo = Low gain transistor, TR #7

4. Q3 = High gain transistor, TR #10
5. Ql and Q2 in ON state.

. 4.5v. ~~ 6ma., (only on Q
6. Output load is TS50 ohms Q unloadéd)

7. Noise wave form amplitude adjusted until occasional
random triggering of F/F takes place. Then noise
amplitude reduced until no triggering takes place.
Amplitude at which no triggering takes place is re-
corded value.

8. Noise Pulse - tf fall time negative edge

Pw - pulse width
F - noise pulse repetition rate
Va.c, - amplitude of negative edge

9. Q1 = TR #2 Q, = TR #6

10. Noise pulse width set at lOusec., repetition rate of
Noise signal 50K.C.

At 25°C., Vcc = 5.75v., Vp = max. = +2.3 volts, the input
signals required for solid triggering versus input tg were
measured as: tg = O.lusec. Va.c. 22.7v., tg = 0.2usec. Va.c.

23.1v. tg = O.4usec. Va.c. = 3.9v. (Note: Input signal
@cc = 5.75v. will be about 5.5 volts. At 25°C, Vecc = 4.25v.,
Vp = 1.75v., tg = O.lusec. Va,c. 222.8v., tg = 0.2usec. Va.c.
=2 3.0v., tg = 0.4usec Va.c. ;;3,6v°
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APPENDIX E

GENERAL TRANSIENT Vee

Figure 34

1. Turn ON Delay

Delay caused by:

1. Emitter and ecollector depletion layers are partially
discharged. Emitter base was charged to -V, ; Collector base
was charged V., + Vi, -

a. A charge Qg is supplied to the emitter junction

capacitance — £(Weo) -
b. A charge Q¢q 1s supplied to the collector junction.
This charge supplied, reduces the voltage across junction from V..
= (-Vin) - Veeo
Total charge Qi supplied to the transistor during delay time.
Qin = Q * Qed
Assuming the input waveform is a current ramp driving the circuit

in Figure 34, then

L
T £ = bt fore,>ed> 0
| te

',G— tr?" - 245 -



t
Qin = Ip t de = Ipt
o t, 2 t

The output delay time may be either less than or greater than

the input rise time.

For tgyyr tri
. = I tz -
Qin b = Q T Qg
2 t,
t = 2 t ;5
dr r (Q * Qecd) Equation 1
Iy
For tg, tri
ty t
Qn = Db t dt + Iy dt = Ip ty + Ip (t = tyi)
o tr tri 2
- I, (c-tr) = Q + Qy
2
tdr = Qe * Qcd + tei Equation 2
Iy 2
- Vbe on -1/n
Q = Cib (v) = Cip T KeV
Cib (v) dv
Vbe off

For a diffused junction device

0.6
1.67 Ke (Vbeoff + 0.7)

e
0.4

i

Ke Cip (meas) (Vg (meas) + 0.7)
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If Vep (meas) and Vbeoff of circuit are made the same, then

Qe = 1.67 Cip (meas) Vbeofs

Vbe on -1/n
Qe = Cob (v) dv Cob(v) = CoB *+ Ke v

Veb
The linear term Cgop must be considered if the transistor is
epitaxial.
For epitaxial transistors
Cob Veb £ Qc < 1.67 Cob Veb
Qe == 1.2 Cop Vep if Cop 1s measured near the point of

operation

2. Output Rise Time (turn on time = tr):

1. Collector swings from V.. to Ve

2. Stray output capacitance is discharged.

3. A charge Q¢ is supplied to the collector junction
during rise time

4, A charge Qg is supplied to the base sufficient to

switch the output current.

5. The collector time constant’t; limits speed.

Qoue red- = ¥ Al tyo + Cg Veo
t t
IC { = YO . ) ro
| o A‘c t = I, t = % al,
tro 2 tro |0
t
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Qout = ic t

2
Qg = Tec ic
Qg = 2 Tc Qout
t
QB available -~ QUn - Qe
Qn *Q = % _ic Qout available

t

Qout available Qin = QW)

#
2 Te
The time required then is that which satisfies

Qout available - Qout req.

t (Qin = Qc) Ic t + CS VCC

2 Te 2

If we assume that Qip is a constant current source, i.e., input

signal instantaneously reaches a steady state, then Qi = Ip t
t (I, t -Qy) = I, t +Cg V.
¢ 2
7 Z
t = tyy = Q. * ¢ It éc +Tc Ic + 27Tc Cs Vec Eq. 3
2 Ip \ 21 I

If there is no stray capacitance

tro = Q *Telc
Iy
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The previous equation is good only for forced beta <L 1/3 of
normal beta. Also above did not include recombination. To include

this term, let

Ip = Ip = 0,5 Ipbs by the base current just at
| saturation
ty = Q@ +Tcle = Q&+ & Equation 4
Ibl - 0.5 Ipg Ib1 » 0.5 Ipg

For a forced beta of greater than one-third of transistor beta

_ I
t, = "Ca_+ brE RL Qc In ) Equation 5
Vcc Ibl = Ibs
REFERENCE 2

3. Storage Time (tg)

During storage time, the stored charges in the base and collector

regions are removed,

For planar epitaxial transistors, the following equations have

proven most valid:

ts = Ts 1n (Ip; + Ip Equation 6

REFERENCE 1

Valid for I, <: 2 Ipy

For conditions Iy > 2 Ipy

tg = L8 1n Ip + IQZ Equation 7
0.69 TN
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4, Turn Off (tg):

Turn off in a function of
a. Qp = active base charge
b. Q. = collector depletion region charge
c. IB2 = pull out current

saturation current

(=}
=
g
)
i

tg = Qb + Qe ’ Equation 8

valid for Igy < 0.1 I

[la + hrg R Qe ] In  Ip2 + Ips

for IBZ 7 0.1 IC
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APPENDIX F

For the case of a series RC with a ramp applied, the following

e, (t)

equations can be written.

(Note: The ramp approximation was made in order to guarantee a worst
case solution. If an exponential was assumed, more triggering

voltage 1s available)

f(t) = - Et forty, 3t > 0 —> - _E in the Lap-
ty tpS2 lace domain
f(t) = 0 for t D t.
1o, ale
Cs Cs
11 I
|1 1
- E R €ols)
iy 2
€, S
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Assuming no initial change on capacitor

eo(s) = - (E/trS2) R = E
R + 1/Cs t-S (S + 1/RC)
Therefore:
e(t) = - REC (L -e 't/RC)
t"‘]'.'

In the particular application where this equation finds use, an

approximate equivalent circuit is given by

VC;JI I YT

gt

L =

The voltage on the inside of the capacitor is a function of the A.C.
current through Req» and I which is either/or the D.C. base current

and steering current.

The voltage on the inside of the capacitor is then given by

e(t) = f (A.C. voltage) + £ (D.C. voltage)

= - REC (1 -e 't/RC) + 1t Equation 10

for ty j} t > 0
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After the input edge has passed, the equivalent circuit is that of

a series RC charging

V.

|
{
—L-Vy, S gRe«\ T

eolt)

— Ve l

B ) B
m——— —
— —

-t/RC
eo(t) = Vip + (Voo = Vi) (1 - ) Equation 11

Ver = voltage on inside of capacitor at time t,
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